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INTRODUCTION 





Kinetics of surface reactions of zirconium with 
itrogen and oxygen have been discussed in previous 
papers from this laboratory (1, 2). The present 
















paper concerns the kinetics of the zirconium- 
hydrogen reaction. Very little on this subject was 
ound in the literature. Gulbransen and Andrew 
(3) investigated the reaction in the temperature 
range 235° to 300°C at pressures from 0.6 to 2.6 
cm, using thin zirconium foil, 0.005 in. thick. Their 
conclusions can be summarized as follows: (a) a 
surface film is not formed as a product of the 
eaction; (b) the rate of the reaction deviates from 
a linear law; and (c) the rate of. the reaction is 
directly proportional to the square root of the 
pressure. 

























































The present study was made in the temperature 
range 250° to 425°C at a hydrogen pressure of | 
atm, using low-hafnium zirconium (0.01 weight % 
hafnium) in the form of solid cylinders. 

















EXPERIMENTAL 








Method. 
the reaction between zirconium and hydrogen was 
essentially that previously described for other 


The method for measuring the rate of 





airconilum-gas reactions (1, 2). A schematic diagram 
of the apparatus used is shown in Fig. 1. Vacuum- 
ground stopcocks greased with Apiezon N grease 
were used throughout except for the air inlets to the 
McLeod gauge and to the mechanical pumps. The 
system was evacuated by a 2-stage glass mercury- 
diffusion pump backed by a mechanical pump. The 
cold trap between the diffusion pump and the 
reaction system was cooled with liquid nitrogen. It 
was found necessary to place an additional trap, 
cooled with dry ice-acetone, adjacent to the reaction 
tube to remove contaminating grease and mercury 
Vapi 

\ modified White gas buret (4) was used to store 


the drogen and to measure the rate of con- 


yh - iseript received October 15, 1953. Work performed 
unde C Contract W-7405-eng-92. 





Kinetics of the Reaction of Hydrogen with Zirconium! 


Jack Bee, B. B. CLELAND, AND M. W. MALLerr 


Battelle Memorial Institute, Columbus, Ohio 


ABSTRACT 


The rate of reaction of hydrogen with high purity zirconium was determined for the 
temperature range of 250° to 425°C at 1 atm pressure. The reaction was found to follow 


a parabolic law, and the parabolic rate constant in (ml/cm?)? per second was calcu- 
lated to be k = 2.3 X& 10° e~'7.200/8T where 17,200 + 200 cal/mole is the activation energy 


sumption of gas. The buret consisted of 10 bulbs, 
each of approximately 25 ml, and of a connected 
open-end full-length manometer, one arm of which 
was a graduated 25-ml buret. The entire assembly 
was maintained at constant temperature (+0.5°C) 
with running water. 

The Vycor reaction tube was sealed to the system 
with Apiezon W wax, and its dead volume was 
decreased by a bundle of fused Vycor rods. The 
reaction tube was heated by a resistance-wound 
furnace which was controlled by a Brown Pyro- 
Vane controller with a V20 Variac in the input line. 
Temperature was controlled to +5°C. 

Prior to specimen preparation, machined  zir- 
conium cylinders about 2 cm long and 0.6 cm in 
diameter were degassed to about 1 to 2 ppm hy- 
drogen by heating in vacuum at 900°C for 24 hr. 
Specimens were abraded with kerosene-soaked 
240-, 400-, and 600-grit silicon carbide papers and 
washed in successive baths of naphtha, ether, and 
acetone. Care was taken to keep specimens under 
acetone until they were placed in the reaction tube. 

The reaction tube was sealed to the system which, 
then, was evacuated to about 10-° mm Hg as 
measured by the ionggauge. The specimen was 
annealed under vacut for | hr at 800°C, after 
which the furnace was removed and its temperature 
adjusted to that of the rate run. The furnace was 
again placed around the reaction tube. The tempera- 
ture was permitted to stabilize while hydrogen was 
being generated and stored. 

With the specimen at the desired temperature, 
hydrogen was admitted from the buret and main- 
tained at atmospheric pressure in the reaction tube 
by manual manipulations of the buret leveling bulb, 
except when the gas was expanded into the buret 
from storage bulbs. Short-time pressure fluctuations 
did not affect reaction rates. Readings, taken as the 
buret manometer arms were precisely leveled, were 
made as often as possible for rapid reaction rates 
and every 2 to 10 min for slower rates. The quantity 
of gas consumed by the specimen was the volume 








9 1? 
— > 
) 
cto an | — To mechanicel pump 
‘ - J | : 
Air 
— | 
[ (wer cury|| ss 
[Liquid Nal trep © 9 |) |) woter-jocketed 
trap ? | modified white 
. pnt a | ’ 
aD | | dure 
Vyeer ? 4 Resistonce r-) 
reection Tor ~ fur Lil 
tube Ory ce wor | i 
6 > acetone r PH AS Leveling bulbs 
if trap ’ } >i _ 
| 5 r + ° ; 
Resistonce Bry ice tii Y 
eound acetone | i} | Le} Tygon tubing 
turnece . Monometer °@ 
t+ = Gum rubber 
~ ‘ j 
Equouzer | |Mercury) tubing 
“(ic Leod Dubbier 
ae — To ] ~ Mosecock 


To mechanical =< 
pump ’ 
Air Tons hydrogen 


[Fia. 1. Schematic diagram of modified hydrogen Sieverts 
apparatus. 


added from the buret minus that remaining in the 
gas phase in the calibrated dead space. Geometric 
dimensions of specimens were used in calculating 
the quantity of hydrogen reacted per unit area. 

Materials.—The pure zirconium used in these 
experiments was iodide crystal bar produced by the 
de Boer process, arc-melted, forged to 14, in at 
1450°F, hot rolled at 1450°F, and cold drawn to 
3¢-in. diameter rod. Test specimens were machined 
from this rod. Impurities in zirconium were de- 
termined by spectrographic, chemical, and vacuum- 
fusion analyses. Weight percentages of principal 
impurities detected were: silicon, 0.03; iron, 0.02; 
hafnium, 0.01; oxygen, 0.04; nitrogen, 0.002; and 
hydrogen, 0.003 (before degassing). 

Pure hydrogen was obtained from the thermal 
decomposition of uranium hydride. The hydride 
was prepared by reacting tank hydrogen, dried in a 


dry ice-acetone cold trap, with degreased high 
purity uranium chips. 
RESULTS AND DISCUSSION 


Initial deviations are often observed for gas-metal 
reactions which follow the parabolic law, w? = kt. 
Gulbransen (5) number of 


complex factors which contribute to the breakdown 


has enumerated a 
of the law during early stages of the reaction. In 
addition to these phenomena, there may be interface 
effects. As 

Kubaschewski 


was discussed by Jost (6) and 


and Hopkins (7), these interface 
reactions may become rate-determining in initial 
stages of the reaction. The empirical equation which 
combines both reaction at an interface and diffusion 
through the film can be written in the form, w? + 
2 Ww kt. Here, ky represents the contribution of 
‘1 

any linear interface reaction and k, is the parabolic 
rate constant determined by diffusion through the 
growing film. If w is plotted as a function of t/w, the 
slope of the straight line is the parabolic rate 
constant, k,. Such a plot is often more convenient 


to use than the quadratic plot, particularly for 
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Fig. 2. 


STP, consumed per cm? metal surface)? vs. time. 


Reaction of zirconium with hydrogen (ml H 


those reactions where an induction period is present 
or initial stages of the reaction are uncertain. 

The of the reaction of zirconium 
with hydrogen was measured in the range 250° to 


rate surface 
425°C at 1 atm pressure. Results of several measure- 
ments are shown in Fig. 2 and 3. In Fig. 2, the 
square of the quantity (ml STP) of hydroge 
consumed per unit surface area of the metal is 
plotted against time for four temperatures. Fig. 3 is 
a plot of w vs. t/w for two temperatures. It was 
found that, in all cases, the reaction conformed to 
the parabolic rate law with initial deviations in the 
direction of a slower initial rate. The duration of the 
induction period was usually less than five minutes 
and was independent of the annealing time, provided 
the system was evacuated to about 10~* to 10-* mm 
He. 

In addition to the short induction period, ther 
were also some deviations from the parabolic !a 
after considerable hydrogen had been reacted. (Thi 
film thickness produced by the parabolic reactio 
ranged from 150u at 300°C to 300u at 425' 
Deviations, which were always in the direction 0! 
faster rate, did not occur below 300°C, and we! 
not always present above that temperature. It 
suspected that this breakdown of the 
nature of the reaction may be due to cracking, of th 
film. It is not 


pa iholl 


known why this effect 
reproducible. 


wis nol 








, 


i 








St 


‘nt 


he 

















+ + ; + + + + + + + + 


4. afimmastins 








FIG 


4 & 8 10 12 14 16 16 20 22 2 26 2 32 M4 36 
Hydrogen Consumed, mi /cm* 


3. Reaction of zirconium with hydrogen 





Hydrogen reacted with iodide zirconium at 
2'> hr at 743 mm Hg absolute pressure. 250X 


‘tion product was formed on the surface of 
mens, in contrast with the findings of 
sen and Andrew (3) who reported the 
of a surface film. Metallographic examina- 
the surface film indicated it to be an ap- 
single-phase layer, as can be seen from the 
rograph shown in Fig. 4, On the other 
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TABLE I. Parabolic rate constants for the 


reaction of zirconium with hydrogen 


on ‘ Ps ate constant, 4» 
Iremp., ( =o ae — yd Ps Slope of log log plot 


249 0.015 0.47 
250 0.017 0.50 
276 0.032 0.47 
277 0.035 0.49 
302 0.056 0.56 
304 0.074 0.52 
323 0.12 0.53 
323 0.11 0.50 
350 0.20 0.57 
351 0.19 0.57 
353 0.22 0.49 
373 0.33 0.57 
378 0.38 0.49 
397 0.61 0.61 
100 0.70 0.64 
12] 0.388 0.47 
$24 0.88 0.57 
$24 1.05 0.58 


Temperature, C 
450 400 350 300 250 
Yr - TT . =e T TT 


a 


: 4 E =17,2004 200 cal/mole 
1.0 





som?) ®/sec 
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Fic. 5. Zireonium-hydrogen reaction, variation of reac 
tion-rate constant with temperature. 


hand, x-ray diffraction examination of the surfaces 
of several specimens revealed the presence of three 
phases: (a) an outer layer of tetragonal ZrH.; (b) an 
intermediate layer of Higg’s (8) ZrH; and (c) an 
inner layer of a second tetragonal hydride phase. 
When the outer ZrH» was removed by light abrasion 
of the surface, the pattern of ZrH was obtained. 
Upon further abrasion, another hydride phase 
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appeared, adjacent to the metal. As discussed by mole. The parabolic rate constant in (m! om), 
Schwartz and Mallett (9), this latter hydride phase isk = 2.3 XK 105 e~20Vkr, 
may be similar to the tetragonal phase of lowest , sale : 
: , » oe ‘ » ae P , po? cates Any discussion of this paper will appear in iscussics 
; j hydrogen content reported for the hafnium-hydrogen Section to be published in the December 1954 ue of 
| system by Sidhu and McGuire (10). What effect JOURNAL. 
these multiple hydride phases have on the kinetics REFERENCES 
of the zirconium-hydrogen reaction is not known. www _ — 
: ‘ . , » be . MALLETT, J. BELLE, ANI ye %> AND. T) 
| If the parabolic law is obeyed, a plot of the a 


Journal, 101, 1 (1954). 


logarithm of the amount of hydrogen consumed per 2. J. Bette anp M. W. Matuerr, To be published 


| unit surface area vs. the logarithm of time should 3. E. A. GULBRANSEN AND K. F. Anprew, J. Metals. 45 
give a straight line with a slope equal to 0.5. This 515 (1949). 
. a 4. A. H. Wuire, J. Am. Chem. Soc., 22, 343 (1900 
was observed, as can be seen from Table I, where ha : mp ra 
: , 5. KE. A. GULBRANSEN AND K. F. ANDREW, This Joy, 

the parabolic rate constants, k,’s, calculated from 98, 241 (1951). 

the w vs. t/w plots are also given. 6. W. Jost, “Diffusion in Solids, Liquids, Gas: 'D 

Fig. 5 is a plot of log k, vs. 1/7. The equation of Academic Press, New York (1952). 


7. O. KuBASCHEWSKI AND B. E. Hopkins, “Oxidatio, 


, SS atrs j j . ° . j ~ hr 5 a ° : 
the best straight line through the points from 250 Metis. snd:-Allovs.” ». 46,Aenieds Prem 


to 425°C was determined by the method of least York (1953) 

squares. The experimental energy of activation and 8. G. HA&aa, Z. Phys. Chem., B11, 433 (1930 

the frequency factor were calculated from the 9. C. M. Scuwarrz AND M. W Mauuert, American So 
; : : : for Metals Preprint No. 14 (1953). 

Arrhenius-type equation, k = Ae~@*T, Energy of 


10. S. S. Sipnu ano J. C. McGuire, J. Applied Phys. 3 
activation was calculated to be 17.200 + 200 eal 1257 (1952) 





nobl 


visib 
regal 
and 
prop 
salts 
» fern 
fern 


Into 


the 








Potentials of lron, 18-8, and Titanium in 


Passivating Solutions’ 


Herpert H. Unnic anp Artuur GEARY 


Corrosion Laboratory, Department of Metallurgy, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


ABSTRACT 


Potentials of iron in chromates show a linear relation for C/AE vs. C, where C is con- 
centration and AE is change of potential, suggesting that they follow the Langmuir 
adsorption isotherm. Maximum potential change corresponding to an adsorbed mono- 
layer of chromate ions occurs at 0.0025 molar K»CrO,, which approximates the mini- 
mum concentration for passivity reported by Robertson. The evidence agrees with a 
primary mechanism of passivity based on adsorption rather than on oxide film forma- 
tion. For example, potentials of iron exposed to several organic inhibitors, where the 
mechanism is undoubtedly one of adsorption, also follow the adsorption isotherm as 
shown by Hackerman and coworkers. Passivity of 18-8 stainless steel and titanium 
in sulfuric acid containing cupric or ferric salts appears similarly to be accompanied by 
adsorption of Cu** or Fe* The irreversible nature of the potentials is in accord 
23, with the view that the adsorbate, in part, is chemisorbed. 

Hydroxy] ions in 4% NaCl produce more active potentials in passive 18-8 or titanium 
presumably by displacing adsorbed oxygen. Potentials of 18-8 in alkaline NaCl as a fune 
tion of partial pressure of oxygen follow the adsorption isotherm, which adds confirm 
ing evidence that an adsorbed oxygen film is responsible for passivity. The decreased 
potentials between active and passive areas plus precipitation of passivity-destroying 
metal chlorides as hydrous oxides at incipient anodes accounts for inhibition of pitting 
in chloride solutions by alkalies. 

Calculated Langmuir isotherm constants, taking into account competitive chemisorp 
tion processes, agreé qualitatively with expected relative values based on chemical 
properties of metals and adsorbates 


INTRODUCTION A second view attributes passivity to adsorption 
of chromate ions on the metal surface (5-8). Forma- 
tion of an 


Chromates are in the class of inhibitors called 


film is considered 
although such a film may form eventually and aid 


in the over-all protection. The primary protection, 


passivators because the potential of iron immersed oxide ermpianncns 4 
i a chromate solution is several tenths volt more 


noble than in water, and iron no longer corrodes 


-ferrne and chromic oxides. Accordingly, a 


visibly. Two points of view have been proposed 
regarding the mechanism of passivation by these 
and = similar Hoar and Evans (1) 
proposed that chromates react with soluble ferrous 
salts throwing down a protective film of hydrated 
film of 
lerrie oxide on air-exposed iron will, if introduced 


compounds. 


into chromates, be made more protective because 
the film discontinuities. 
‘ince then, this view has been restated by several 
investigators (2-4). Mayne and Pryor (3) modified 
the picture somewhat, 


the chromate ‘‘repairs”’ 


their electron 
diffraction studies, proposing initial adsorption of 
chromates followed by direct reaction with iron to 
lorm an unhydrated y FeO; film which they 


ted was a better diffusion barrier layer than a 


based on 


Sugg 


film of hydrated oxides. 

\J iscript received September 1, 1953. This paper 
was red for delivery before the Wrightsville Beach 
Meet} 


September 12 to 16, 1953. 


however, is considered to result from satisfaction of 
valence forces of the surface metal atoms by chemical 
bonding with chromate ions, and without the metal 
atoms leaving their respective lattices. A similar 
mechanism has been proposed for specific organic 
inhibitors (9). 

with this 


Passivators, in accord 


view, are 
substances having high affinity for the metal and 
accompanying high activation energy for any 


reaction which results in a new lattice belonging to a 
surface stoichiometric compound. These are the 
essential conditions for chemisorption. Consequently, 
an iron-chromium oxide or iron oxide, whichever 
forms ultimately when iron is exposed to chromate 
solutions, accumulates only slowly. Chlorine, for 
example, is not a passivator because, despite high 
affinity for the metal, its activation energy for 
reaction is low, resulting in rapid production of iron 
chlorides rather’ than a chemisorbed film of chlorine 
atoms. Oxygen, by way of 


contrast, readily 
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chemisorbs on many metals and is a good passivator. 
Halide ions break down passivity by competing 
with oxygen or other passivators for a place on the 
metal surface; but once they succeed, metal corrodes 
at such areas until additional passivator adsorbs. 

Evans (10) and others (1, 3, 11) isolated oxide 
films on iron exposed to chromates and supposed 
these to be the primary source of protection. 
Circumstantial evidence of this kind is not con- 
clusive, however, in view of the primary process of 
adsorption which, if it occurs at all, always precedes 
the formation of oxides or other compounds, and 
continues in effect even after the usually permeable, 
although relatively thick, oxide films are formed. In 
specific instances, some chemical reagents used for 
stripping of surface films may actually produce an 
oxide reaction product (12, 13). When this is the 
case, the stripping reagent may hasten reaction of 
adsorbed films, if not of other substances, with the 
metal, resulting in a surface compound where none 
existed before. 

MeKinney and Warner (14) in discussing a paper 
by Evans expressed doubt that chromates could act 
merely by precipitation“of ferric-chromic oxides on 
the metal surface, in view of the fact that chromic 
salts are relatively poor inhibitors compared with 
chromates. Evans (15) replied that, when chromic 
salts precipitate a film of hydrated chromic oxide on 
cathodic areas, attack is not hindered; whereas with 
chromates, mixed hydroxides are precipitated 
locally at places where anodic attack would other- 
wise set in and prevents it from developing. This 
explanation, however, is less convincing in light of 
Robertson’s (8) subsequent data which showed that 
molybdates and tungstates, analogous to chromates 
structurally, and inhibiting at the same minimum 
concentration, fail to oxidize ferrous salts [or do so 
extremely slowly (4)| and, hence, are quite unlike 
chromates in their capacity to precipitate a supposed 
protective anodic coating.” 


? Criticism of Robertson’s conclusions has been made 
on the basis that the otherwise weak oxidizing capacity of 
molybdate and tungstate in acid solution might be greater 
in neutral solutions (16) corresponding to actual condi 
tions of pH at the surface of iron. However, the oxidizing 
tendency of these salts is less in neutral or alkaline media 
as compared with acid solutions (as can be demonstrated 
thermodynamically). This, in fact, was demonstrated for 
molybdates and tungstates by Pryor and Cohen by titra 
tions in neutral media. They found only 11% of 0.0072N 
ferrous sulfate to be oxidized by 0.1N sodium tungstate 
after as long a period as three days, although they inter 
pret this slow rate as sufficient to form the supposed pro 
tective film. Actually, molybdates and tungstates are less 
effective oxidizers than is dissolved oxygen 

This is not to say that iron does not reduce molybdates 
and tungstates in solution and become oxidized in the 
process. However, the minimum concentration of these 
substances for passivity or inhibition, identical with the 


ly 195) 


Rozenfel’d and Akimov leaned to the 


: ee sibility 
that anodic polarization of iron by chror 


CS Was 
due to adsorption of the chromate ion (17 — [yqey 


(18) also interpreted potential behavior of oy and 
18-8 in chromates in terms of adsorptio of 4), 
inhibiting ion. 

Simnad (19), using radioactive chromi 
cluded that the view of Hoar and BF) 
corroborated by the almost similar pickup of radiy 
active chromium whether iron was immersed 
chromic chloride or in chromates, and by the spotty 
deposition of radio-chromium salts on an jp 
surface exposed to chromates, presumably revealing 
anode areas. However, his conclusions do not tak, 
into account reaction of chromic chloride with jr, 
to form hydrated oxides which adhere to the met, 
surface in the same manner as hydrous FeQ), by 
which are not protective in the same sense 
chromates. Similarly, chromates may be reduced 4 
preferential metal areas, particularly if chlorides ¢ 
sulfates are present in solution which acceleras 
consumption of the passivator (20). Impurities 
the metal may also accelerate reduction of chromates 

Brasher and Stove (21) report that the amoun 
of radioactive chromium picked up by abraded mild 
steel after three days’ immersion as a function 
chromate concentration follows the form of a typica 
adsorption isotherm. They find a maximum 
5.5 & 10" chromium atoms cm? geometric surfac 
Considering a probable value of the roughnes 
factor for an abraded surface equal to 3 (22), and 
diameter of CrO,-~ equal to 54 A (23). their valu 
corresponds to the equivalent of 4.5 layers of clos 
packed chromate ions. The number of layers would 
be less if correction were made for any chromat 
adsorbed on the air-formed surface oxide or reduced 
to chromic oxide during the three days’ exposure 

Powers and Hackerman (24), also using abraded 
steel, found, in agreement with Brasher and Stov 
that after two days’ immersion in 10°-°M radio 
chromate at pH 7.5 there were 5.2 K 10" chromiun 
atoms remaining per cm*® of surface, uniform) 
distributed. 

Potential measurements of iron exposed 
chromate solutions add to the pertinent eviden 
concerning the mechanism of passivation. Data 0! 
this kind are presented herewith, together wit! 
parallel data for 18-8 stainless steel and titamum 
other passivating electrolytes. 

PROCEDURE 

Potentials were measured using a_ precisie! 
potentiometer and vacuum-tube galvanometer 1! 
conjunction with a silver chloride reference electro 
minimum concentration of chromates, despite « Terie 
oxidizing tendencies, suggests that the mechanism ©! pre 


tection does not depend on an oxidation-reduction rr chor 
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iN CL The potential of the latter on the 
‘ale omitting liquid junction potentials is 
it 25°C. All measurements were conducted 


hydrogt 
0) 288 vo 
an air hermostat maintained within 0.2° of 25°C. 
Final values are for steady state where the net 
hange within 12 hr was less than 5 my. This often 
quired successive measurements over several days. 
rhe maximum change, however, within a few centi- 
olts was obtained usually during the first 24 hr. 
Iron electrodes were prepared from high purity 
0030-in. diameter wire obtained by courtesy of the 
‘ational Bureau of Standards (C < 0.001%, total 
mpurities about 0.008%). Six-inch lengths were 
mounted in glass tubing and sealed, using poly- 
syrene cement with about 1 cm of wire projecting. 
pickling in 10% 
i.S0,, followed by washing and immediate transfer 


(he surface was prepared by 


ty the test solution. 

Electrodes of 18-8 were prepared from Type 304 
()(28-in. diameter wire. The wire was first annealed 
v heating electrically to 1000°C and quenching in 

then was pickled in 15 vol % HNQOs, 2 vol % 
HF at 70°-80°C, and washed. It was immersed 
lirectly into the electrolyte to a depth of about 

m 

litanium electrodes were made by cutting thin 
trips of Bureau of Mines cold rolled titanium, 

owed by pickling in HNQO,-HF at 70°-80°C. No 
eat treatment was employed. 

Ferric ion concentration in sulfuric acid was 
letermined by reduction first with stannous chloride, 


the excess of which was eliminated by adding 


lgCl., followed by titration with permanganate. 


Cupric ion concentration was determined — by 
titration using thiocyanate. Dichromate or chromate 
solutions were made up by weighing out the required 
mount of salt. Low carbonate NaOH was prepared 
by cooling hot saturated NaOH and decanting into 
iX-lined bottles. 

The cell used for potential determinations 
nsisted of a 4-oz bottle fitted with a rubber 
stopper. A salt bridge containing the same solution 
s the electrolyte made contact with 0.1N KCI in 
vhich the silver chloride electrode was immersed. 
lhe latter electrode was mounted in a glass tube, 
the bottom of which was constricted to provide a 
quid junetion by means of a sealed-in asbestos 
ber 

\ir, first bubbled through caustic soda and water, 
as used to aerate and stir most of the solutions. 
When nitrogen was used, it was purified by passing 
ver 4 it of copper turnings maintained at 400°C. 

In tests for reversibility,’ the same metal electrode 

Reversibility not in the thermodynamic sense, but 


elert to reproducibility of potentials as approached 
r more concentrated or more dilute solutions 
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was used throughout, but for measurements of 
potentials as a function of concentration, different 
electrodes in separate cells were set up. In view of 
the considerable time to reach steady state, the 
latter arrangement was the only practical procedure. 
This produced a greater scatter of the data, but also 
made the observed correlation of potential with 
concentration more convincing. 


POTENTIAL DaTA 
Tron in Chromates 


Iron in contact with distilled water attains noble 
values of potential as KoCrO, is added. At a concen- 
tration of 0.0025 molar, the potential change is 
about 0.5 volt (Fig. 1). Further change at higher 
concentrations is not pronounced. The maximum 
potential change agrees with data presented by 
Burns (25) for iron in 0.OLN K.Cr.O; solution. 
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Fig. 1. Effect of CrO. additions on the electrode poten 
tial of electrolytic iron in distilled water; (25.0 + 0.2°C): 
aerated solutions 


On first immersing the electrodes in a dilute 
solution of chromate, potentials are relatively active, 
changing to more noble values within about 2 to 
t hr. The time required is less as the concentration 
of chromate increases. Steady-state values in all 
cases were reached in less than 24 hr. 

When the electrodes at steady state in 0.0025. 
chromate are transferred to progressively more 
dilute solutions, it is found that a maximum of half 
the ennobling effect of the chromate is lost. This is 
true even after exposure to distilled water for 41 hr. 


18-8 Stainless Steel and Titanium 


18-8 stainless steel corrodes in dilute sulfuric 
acid, but corrosion is effectively inhibited (26) on 
addition of small amounts of ferric or cupric salts. 
Similar inhibition is observed to hold for titanium 
(27, 28), but with the difference that the beneficial 
effects extend to hydrochloric acid, unlike the 
situation for 18-8. It is of interest, therefore, to 
determine the parallel potential behavior of 18-8 
and titanium in sulfuric acid as these inhibitors are 
added. Potentials in 0.2N H.SO, containing up to 
0.191. ferric sulfate are summarized in Fig. 2, and 
for similar additions of cupric sulfate up to 0.70.M 
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Fic. 2. Effect of Fe*** additions on the electrode po 
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Fic. 3. Effect of Cu** on the electrode potentials of 


IS-S stainless steel and titanium in 0.2N H.SO,; (25.00 + 
0.2°C): aerated solutions 


in Fig. 3. Potentials of 18-8 in ferric sulfate solution, 
followed for several days, are found to become more 
noble by a maximum of 0.32 volt, whereas titanium 
similarly is ennobled to a maximum of 0.39 volt. 
Since 18-8 is initially more noble than titanium by 
0.13 volt, final potentials are not far different. The 
general reproducibility of measurements can be 
gauged by a comparison of two separate runs for 
18-8 in aerated solutions. In addition, one run in 
nitrogen-saturated solution showed that oxygen 
exerts no effect on the potential behavior. 

Potentials of 18-8 and titanium are not reversible, 
as shown by data of Table I. On immersing 18-8, 
previously at steady state in 0.19M Fet**, into 
0.002M Fet** (referring to 0.2N H.SO,), the 
second steady-state potential remained more noble 
by 0.07 volt after 27 hr of exposure than the original 
steady-state value of 0.18 volt. However, on re- 
immersing the electrode into 0.19M Fet**, the 
potential of 0.35 volt at the end of 20 hr was only 
0.04 volt more noble than the original value. 

With cupric sulfate additions, potential changes 
are less than for ferric sulfate, even though the final 
concentration of cupric ion is higher. Maximum 
AE averaged 0.08 volt for 18-8 and 0.15 volt for 
titanium. 


TABLE IL. Test of reversibility 


Initial |-). : : 
Electrolyte AR (Change of concentration 


; al A} 
in moles/liter olt 


(volt) 
18-8 


0.19M Fet** in 0.31 

0.2N H,SO, 0.26 Decrease to 0.010 | 0.27 (4 hy 
0.18 Decrease to 0.002 0.25 (27 }, 
0.31 Increase to 0.191 | 0.35 (29 }y 


Titanium 


0.70M Cutt in | 0.17 
0.2N H.SO, 0.12 Decrease to 0.23 | 0.16 (1 by 
0.09 Decrease to 0.078 0.14 (1 by 
0.00 Decrease to 0.0 0.12 (1 by 
0.09 Increase to 0.078 | 0.13 (1 hy 
0.12 Increase to 0.23 0.17 (1 hr 
0.17 Increase to 0.70 0.19 (1 hr 


Tron 


Si 10°°M  OO.AS 
K.CrO, 


Decrease to 0.0 0.25 (41 hr 


0.35M NaOH in) 0.45 
1% NaCl 0.18 Decrease to 0.04 | 0.20 (1 hr 
0.15 Decrease to 0.025 0.17 (1 hr 
0.00 Decrease to 0.0 0.10 (1 her 
0.15 Increase to 0.025 0.17 Uh 
0.18 In ‘ease to 0.04 0.18 (1 hr 
0.45 (Inc ease to 0.35 0.35 (1 hr 


‘ ‘ VTRATION IN 4% No MOLES 

Fic. 4. Effect of NaOH additions on the electrode » 
tential of 18-8 stainless steel in aerated 4% NaCl; (25.0 2 
0.2°C). 


In aerated NaCl, 18-8 stainless steels in tim 
corrode by pitting. Addition of alkali inhibits this 
type of attack (29). Titanium, on the other hand, ' 
relatively resistant to pitting in chloride solutions 
without alkali additions, including sea water. Th 
potential behavior of 18-8 in 4% NaCl upon additio! 
of NaOH up to 2.9 molar is shown in Fig. 4, ane 
similarly in Fig. 5 for titanium with. addition 0! 
NaOH up to 0.2 molar. Potentials were followed tor 
a total period of about 120 hr. The remarkabl 


difference in behavior of the metals in this electrolyte 


compared with previous electrolytes is that NaOH! 
additions produce more active potentials, or decreas 


passivity as measured by potential. Effects are mos! 
pronounced with first additions of NaOH below 





Val 
pote 


ior 











ith 


of, 101, V0. 5 IRON IN PASSIVATING SOLUTIONS 219 





: TS —+05 
ATHODIC 





° 
ny On 
—— -—_ 
a ee a een ee 
0.1 0.2 
NaOH CONCENTRATION IN 4% NoCi 
(MOLES/LITER) 





Fic. 5. Effeet of NaOH additions on the electrode po 
titanium in aerated 4% NaCl; (25.0 + 0.2°C). 
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Fic. 6. Effeet of varying O»2 partial pressure on the elec- 
potential of 18-8 stainless steel in 4% NaCl; 03M 
OH; (25.0 + 0.2°C). 


out 0.01 molar, subsequent additions producing 
y slight change. The maximum change of 
wtential for 18-8 was —0.33 volt and for titanium 
0.38 volt, indicating again similar behavior of 
th metals. 
lt was also of interest to learn the effect of 
‘ygen on the potentials of 18-8 in this system, 
because of the importance oxygen has with respect 
passivity of stainless steels exposed to the 
imosphere. Potential measurements were carried 
in 4% NaCl containing 0.3.M NaOH through 
hich nitrogen, oxygen, or air was bubbled. Also, 
¢ gas mixture was prepared, containing 0.05 atm 
partial pressure oxygen, by compressing air and 
\rogen tO appropriate pressures in a single gas 
viinder and using this mixture to aerate and stir 
the electrolyte. Results are given in Fig. 6 showing 
‘hat oxygen, as expected, ennobles the potential of 
'S-8 as the partial pressure increases. 
Potentials were also determined for iron in 4% 
NaCl as a function of NaOH additions. Here the 
potential becomes more noble, opposite to the trend 


ior IS-S or titanium (Fig. 7). About 24 hr or less 
ere required for steady state. The values, on 
mmersing the electrodes in several more dilute 
NaOH solutions after reaching steady state in 0.35M 
— vere the same as previously determined 
vith 


02 volt (after one hour) and on returning 
the electrode to 0.35M NaOH, the potential was 
ess nhovle by 0.1 volt (Table I). It is especially 
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Fic. 7. Effect of NaOH additions on the electrode po- 
tential of electrolytic iron in 4% NaCl; (25.0 + 0.2°C); 
aerated solutions. 


significant that the potential of iron, initially active 
in 4% NaCl, and the potential of 18-8 initially 
noble, approach the same value on additions of 
NaOH. This suggests that the final surface states of 
iron and 18-8 (which contains 74% iron) in alkaline 
NaCl are comparable, despite large initial differences 
in neutral NaCl. Perhaps it is not surprising, there- 
fore, that corrosion rates in alkaline NaCl are 
comparably low for both metals, but are quite 
different in neutral or near neutral NaCl solutions. 


DISCUSSION 


For each metal studied, the potential behavior as 
a function of passivator or inhibitor concentration 
resembles a typical adsorption isotherm. This 
relation is expected if inhibitors function by ad- 
sorbing on the metal surface, but would not be 
predicted, presumably, by any mechanism involving 
diffusion-barrier oxide or other type reaction- 
product films. Interpretation of the data, therefore, 
in terms of an adsorption process appears worth- 
while. 


Adsorption Isotherm and Potentials 
The adsorption isotherm proposed by Langmuir 


(30) is expressed as follows: 


abp 
1 + ap 





where x is the amount of gas adsorbed per unit area 
at pressure p, and a and b are constants. The 
constant b is equal to maximum adsorbate x,, at 
high values of p, and a is related to heat of adsorption 
(31). Assuming that Henry’s law applies, this can be 
converted to a similar expression for adsorption 
from liquids where concentration of solute C 
substitutes for gas pressure p. 

Furthermore, if the ions adsorbing on a metal 
surface form dipoles each of electric moment yu, 
electrostatic theory leads to the expression 4rnu for 
the total change of potential AF produced by n 
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Fic. 8. Langmuir adsorption plot for electrolytic iron 
in distilled water containing CrO,~ inhibitor. 


dipoles adsorbing per unit area of metal surface.‘ 
Therefore, AF is proportional to x, and maximum 
AE, is similarly proportional co 2... 





S «2 + l 
SAE AE, @ak&,, 


Therefore, 


If the Langmuir isotherm applies, therefore, a 
linear relation should exist between ('/AEF plotted 
with C, the slope of which is equal to 1/AF,,, and 
the intercept is equal to 1/a’AF,, at C = 0. Data 
for various inhibitor concentrations satisfactorily 
conform to this relation as shown by Fig. 8 to 13. 
Potentials for 18-8 and titanium in 0.2N H.SO, 
containing Cu** show a degree of scattering, caused 
probably by the small measured potential differences 
in these solutions compared with experimental 
variations, the maximum AF being only 0.08 to 
0.15 volt. C/AE vs. C was not reproduced for Ti 
ana 18-8 in 4% NaCl + NaOH, even though 
linearity is obtained for all but the lowest NaOH 
concentrations. The test of linearity, however, loses 
significance when values of AF are essentially 


‘If one considers a supplementary diffuse double layer 
in accord with Gouy and Chapman, the additional poten 
tial change equals 4ra/Dx (32) where o is the total electric 
charge per unit area, D is the dielectric constant, and « is 
equal to (4re?/DkT (= niz*|)) having the same significance 
as in the Debye-Hiickel theory of electrolytes. Since « has 
the dimensions of reciprocal length and may be identified 
with the effective separation of charges in the dipole layer, 
this expression, if D = 1, achieves the same form as the 
expression for a fixed dipole layer 

Adsorption of ions can be looked upon as forming new 
cathodic areas, the extent of which reaches a maximum at 
completion of a monolayer. Anodic areas are simultane 
ously restricted to a minimum corresponding to maximum 
anodic polarization by corrosion currents and a shift of 


potential to more noble values 
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Fic. 10. Langmuir adsorption plot for 18-8 stainless 
steel in 0O.2N H.SO, containing Cu** inhibitor 
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FU Fic. 11. Langmuir adsorption plot for titanium in 2) 
H.SO, containing Cu** inhibitor. 


constant with change of inhibitor concentration, ® 
is true in this instance. 

Correspondence, by and large, of potentia! dats 
to the Langmuir type isotherm points strongly 
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Fig. 12. Langmuir adsorption plot for 18-8 stainless 
steel in 4% NaCl with 0.3M NaOH, varying O- partial 


pressure 


the view that the inhibitors considered at present 
function by adsorbing on the metal surface. Further- 
more, the observed correspondence suggests ad- 
vorption of the monolayer type, as was pointed out 
by Langmuir in the derivation of his isotherm 
equation. These conclusions are ‘strengthened by 
measurements of Hackerman and Sudbury (33), 
showing that potentials of steel in contact with 
organie amine inhibitors also follow the Langmuir 
adsorption isotherm. The linearity of C/AF vs. C 
reported by them is especially significant, since it is 
generally conceded that organic inhibitors function 
by adsorbing on the metal surface (34, 35). 

Maximum potential change, in accord with present 
considerations, occurs with formation of a complete 
monolayer of chemisorbed ions, any additional 
adsorption being accompanied by relatively small 
potential changes and lesser effects on the corrosion 
rate. It is important to note, therefore, that maxi- 
mum change of AF in Fig. 1 for iron in chromates 
occurring at 2.5 & 10-* molar, corresponds approxi- 
mately to the minimum concentration of chromates 
| X 10°-* molar) found necessary by Robertson (8) 
lor inhibition and passivity. It is probably reasonable 
to conclude, therefore, that optimum passivity is 
associated with a monolayer film of adsorbed 
chromate ions. 

Part of the adsorbed chromate is chemisorbed 
and part is reversibly adsorbed, as is pointed out by 
the time necessary to achieve steady-state potentials, 


indie: ve of the usually longer times required for 
chemisorption, and by the partially irreversible 
ature of the potentials. 
Wash 


Even after thorough 
in distilled water, iron passivated in radio- 
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Mic. 13. Langmuir adsorption plot for electrolytic iron 


in aerated 4% NaCl with NaOH additions. 


active chromates shows residual radioactivity (19, 
21, 24), and the potential is more noble than 
initially. The final irreversible or chemisorbed 
portion exerts about half the total effect on the 
potential. This result is in agreement with a similar 
observation of Gatos (36) who found that, on first 
immersing iron in chromate solutions, the amount 
of metal reacting initially when iron is made passive 
in concentrated nitric acid is less than in absence of 
chromate exposure, and that half this effect of 
chromate, but no more, could be removed by 
washing in water. 

Powers and Hackerman (24) suggested adsorption 
of chromate ions on a surface oxide rather than on 
the metal. Although such adsorption presumably 
may occur, any mechanism of corrosion protection 
accompanying a film of this kind is not yet clear. An 
air-formed film, at least, is not necessary to ad- 
sorption. Preliminary measurements in this labora- 
tory using radiochromate showed that the usual 
radioactivity is picked up by oxide-free Armco iron 
“sheet (0.024% C). Iron specimens were heated in 
dried pure H. at 1000°C, cooled in this gas, trans- 
ferred to deaerated 10-°M Cr®'O,, pH 1.9, out of 
contact with air, and after 2 to 17.5 hr, washed 
successively in three 200-ml portions of distilled 
water. Somewhat greater residual chromium (3 X 
10'* atoms/cm*) was found than that reported by 
Brasher and Stove and by Hackerman and Powers 
for abraded iron. No residual radioactivity was 
found on similar specimens immersed directly into 
deaerated radioactive chromic perchlorate of pH 1.9. 
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Adsorption of Oxygen and Ferric, Cupric, and 
Hydroxyl Ions 

Presumably, ferric and cupric ions also adsorb on 
18-8 and titanium, producing passivity as gauged by 
reduced corrosion rates or noble potentials. Ions 
have a certain electron affinity and when adsorbed 
receive a certain amount of negative charge from 
the metal. The net effect, including the effect of 
negative ions in solution, is an over-all negatively 
charged ion layer near the surface and an equal 
positive image charge in the metal, similar to the 
situation for chromates. This accounts for in- 
creasingly noble potentials as more ferric and cupric 
ions adsorb, trivalent ferric ion being more effective 
in this respect than divalent cupric ion, corre- 
sponding also to the order of inhibition in dilute 
sulfurie acid (27). 

The more active potentials of titanium and 18-8 
in sodium chloride solution on addition of sodium 
hydroxide can be interpreted as competition be- 
tween hydroxy! ion and oxygen for a place on the 
metal surface, the adsorbed hydroxyl! ion producing 
a lower order dipole moment than adsorbed oxygen. 
Chemisorbed oxygen, according to one viewpoint, is 
primarily responsible for passivity (5, 37, 38) in 
these metals. If the partial pressure of oxygen is 
increased, the potential becomes more noble (Fig. 6) 
in agreement with this view. The potential change 
from 0 to | atmosphere oxygen amounts to only 0.1 
volt, suggesting that the fundamental passive layer 
of chemisorbed oxygen in alkaline NaCl is only 
slightly disturbed by hydroxyl ions. This concurs 
with the observation that apparent equilibrium in 
this instance is effected between dissolved gas and 
molecularly adsorbed oxygen and not atomically 
adsorbed oxygen, as shown by the linearity of 
p/ AE plotted with p but lack of linearity plotting 
Vp AE vs. Vp, where p refers to partial pressure 
of oxygen. Previous quantitative adsorption data 
obtained for oxygen on 18-8 (39) provided evidence, 
in fact, that the alloy exposed two days to aerated 
water is covered by a close packed atomic oxygen 
layer over which a molecular oxygen layer is 
adsorbed. Were the chemisorbed atomic oxygen on 
18-8 entirely displaced by OH-, the potential change 
would be in the order of 0.5 volt, corresponding to 
complete breakdown of passivity, but a potential 
change of O04 volt occurs only in concentrated 
alkalies, e.g., 20% NaOH (40). 

When iron, on the other hand, is immersed in 
alkaline NaCl, competition includes not only 
adsorbed OH™~ and oxygen, but also adsorbed H. 
Iron exposed to an aqueous solution has a definite 
tendency to react, liberating hydrogen and hydrous 
ferrous oxide, the free energy for the reaction being 
negative (41) and independent of pH, so long as 






Vay 195) Mimy ol. 101 


these corrosion products form and 6 oh, Hence 


Hydrogen so produced adsorbs on the i 





1 SUITaee sea WA 
and, in neutral or alkaline solutions, « apes te Melkaline 
luctantly as H. impeding corrosion react on With * 
presence of dissolved oxygen, adsorbed hydrog, 
reacts to form water as rapidly as oxyges reach 
the metal surface. If, however, rate of consumptig Valu 
falls below the diffusion rate to the surface, exes AE = 
oxygen, in turn, can adsorb on the metal, [yj separat 
adsorption, when it occurs, is accompanied }y « Mae chrome 
lowered corrosion rate and a more noble potential diamet 


(passivity). Therefore, as hydroxyl ions are addy Mi )e 4.0 


to the solution, adsorbed H is increasingly displaced monols 
by OH” and reaction of the former with dissoly, than 
oxygen slows down. Consequently, oxygen jx project 
excess at the surface, and conditions are favored {y Since | 
its adsorption. Support of this state of affairs \ laver 1 
provided by the observation that, in absence vhere 
oxygen, the potential of iron in water is more actiy and p 
when alkalies (42, 43) are added, as is expecta) 035/(3 
from the reduced solubility of Fe(OH). under thes 007 3 
conditions. Only in presence of oxygen does thy ordin 
potential become more noble, the measured potentiy only ¢ 
being a compromise between the iron and oxyy the pr 
electrode values. In acid media, on the other hand simila 
the iron electrode covered with adsorbed hyvdroger relat 
behaves approximately as a_ reversible hydroge the 1 
electrode (44, 45). Since iron and 18-8 have abou idsor 
the same potential in aerated alkaline NaC|, th 
inference is that if oxygen is chemisorbed on |S 
it is also, under these conditions, chemisorbed Va 
iron and is responsible for observed passivity in bot! sumn 
metals. The energy of bonding of oxygen to th from 
metal need not be the same in both cases, however vith 
and, therefore, the degree of passivity may differ kal 
Powers and Hackerman showed that competiti poter 
adsorption of CrO,-~ and OH~ takes place on | simp 
(46) and iron (24) surfaces, similar to competi! the « 
adsorption of H, Os, and OH™~ described above Fi 
one 
Pitting Tendencies of 18-8 and Titanium shift 
Inhibition of pitting in 18-8 by hydroxy! ion deri 
be accounted for by the reduced difference ids 
potential between active and passive areas in tli chro 
gaivanic cells that account for pitting (47), sine ids 
the passive areas are no longer so noble as belo! Brea 
In addition, metal chlorides at incipient pits rea" — 
with hydroxyl ions which migrate rapidly to anod supy 
areas to form metal hydroxides. Hydroxides, unis sOrp 
soluble chlorides, do not continuously dest! Hi, 
passivity or, what is the same, do not mainta lene 
activity at the site of chemical disturbance; hen 7 
the pit never gets started. With titanium, pitt ads 
tendency is decreased by the pronounced tenden' a 
um 


of titanium chloride to hydrolyze to hydroxide | 


hydrous oxide even in absence of hydroxy! 10! 
































Hence, ¢ nium, better than 18-8, resists pitting in 
oq water, and potential data indicate that in 


aikaline salt solutions, the tendency would be still 
Jess. 
\,paration of Charge in Dipole Layer 
Values of AF in combination with the equation 
\E = 4rnu make it possible to calculate the average 
separatiol of the 
-hromate layer from the iron surface. Assuming a 


negative charge in adsorbed 
diameter of chromate ion equal to 5.4 A, there will 
be 40 & 10“ ions/cm? adsorbed in a close packed 
monolayer. A layer based on true surface rather 
than apparent area would still be equivalent in 
projected dipole moment to this number of ions. 
since the change of potential produced by a mono- 
aver is 0.5 volt (Fig. 1), the calculated value of d, 


vhere » is equal to de (d = separation of negative 
nd positive charge, and e = electronic charge), is 
05/(300 Kk 4r KX 4 XK 10" XK 48 XK 10-'*) or 
007 X 10°° em. Hence, the excess electrons, ac- 


the 
only 0.035 X 10-° em from the metal surface, since 


ording to this calculation, are, on average, 
the positive image charge within the metal is at a 
similar distance from the surface. In other words, a 
relatively slight asymmetry of electron density at 
the metal surface suffices to explain the observed 
dsorption potentials. 


Values of Langmuir Constants 


Values of the Langmuir constants AL,, and a’ are 
summarized in Table Il. In general, AE,, caleulated 
irom the slope of C/AF vs. C agrees reasonably well 

ith the AE,,. For 
ikaline NaCl, the difference in values suggests that 
the 
simple adsorption of oxygen alone, in accord with 


observed maximum iron in 


potential relations are more complex than 


the discussion of iron potentials above. 
Values of a’ are equal to the reciprocal of the 
meentration at which half the maximum potential 
shift is the 
derivation, these values are larger as the heat of 
idsorption LS-S 


appreciable affinity of 


obtained. According to Langmuir 


increases. Hence, Ov. on and 


hromates on iron show 
idsorbate for metal. Similarly, ferrie ions have 
greater affinity for 18-8 and titanium than cupric 
ions. The low value of a’ for iron in alkaline NaCl 
supports the point of view that competitive chemi- 
sorption takes place between several species, €.g., 


HOH 


and Ov, heats of adsorption for one species 


lending to cancel out heats of desorption for the 
species it displaces. Competition between possible 
lsorbates very likely accounts for the partial 
reversibility of potentials involving chemisorbed 
‘lms. 1), general, it should be emphasized that values 
ol a’ 


lect a resultant heat effect of one or more 
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TABLE II. 


Values for constants of Langmuir 


adsorption isotherm 


E vs. 

anne Electrolyte a me ~— te biter s/ 

inhib., AEn,' mole 
volt 
calc)| (obs) 

IS-S | Fet**in0.2N H.SO, = 0.18)0.30/0.33/0.001 3300 
Cut in 0.2N H.SO, 0.180.09:0.080.5 22 
O.in0.3N NaOH in 0.300.110.1 0.0011 | 8400 

1% NaCl 

Ti Fe*** in0.2N H.SO,) 0.0510.37.0.38 0.001 2700 
Cu** in 0.2N H.SO, 0.050.13.0.150.15 50 
OH~ in aerated 4% 

Fe NaClCrO, in —0.780.26.0.460 .065 59 

H.O 0.67 0.63.0.5 0.00039) 4000 
competitive adsorption processes, even if the 


substance displaced is nothing more than physically 


ads 

the 
; 

a’ ¢ 


che 


‘I 


Naval 


whe 


orbed H.O. The primary process, of course, has 
largest effect. By and large, relative values of 
ire in accord with the expected trend based on 
mical properties of the metals and adsorbates. 


ACKNOWLEDGMENT 

the Office of 
N5ori-O7815 to 
ym the authors express their appreciation. 


‘his research was supported by 


Research under Contract 


Any discussion of this paper will appear in a Discussion 


Section to be published in the December 1954 issue of the 





. M. Stmnap, J 


RNAI 
REFERENCES 

T. P. Hoar anv U. R. Evans, J. Chem. Soc., 1932, 
2476 

T. P. Hoar, Trans. Faraday Soc., 45, 683 (1949), 

J. MAayNeE AND M. Pryor, J. Chem. Soc., 1949, 1831 

M. J. Pryor ann M. Conen, This Journal, 100, 203 
1953) 

H. H. Unuia, Chem. Eng. News, 24, 3154 (1946). 

>). H. H. Unuie, Metaur et Corrosion, 22, 204 (1947 

“Corrosion Handbook,’’ (H. H. Uhlig, Editor D.. on 

John Wiley & Sons, Inc., New York (1948) 
.W.D. Ropertson, This Journal, 98, 94 (1951 

N. HaAcKERMAN AND H. Scumiptr, Corrosion, 5, 237 
1949) 

U. R. Evans, J. Chem. Soc.. 1927, 1020 

U. R. Evans anv J. Srockpa.e, ibid., 1929, 2651 

W. Vernon, F. WorRMWELL, AND T. Nurse, J. Jron 
Steel Inst. (London), 150, 81P (1944 

M. Fontana, Trans. Electrochem. Soc., 93, 335 (1948 

D. McKINNEY AND J. C. Warner, Jnd. Eng. Chem.. 
$7, 705 (1945 

U. R. Evans, tbid., p. 706 

M. Pryor aNnp M. Couen, This Journal, 98, 513 (1951 

1. RozENFEL’p AND G. Akimov, Doklady Akad. Nauk. 
S.S.S.R., 67, 879 (1949); C. A., 44, 459 (1950) 

A. InpELLI, Ann. Chim. (Rome), 40, 189 (1950): C. A 


45, 10177 (1951 
Inst. Metals Vonograph Vo. 18. p 23, 


London (1953) 





JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Darrin, Ind. Eng. Chem., 38, 368 (1946). 
BRASHER AND E. and Ind., No. 8, 
171 (1952). 
T. L. O’Connor, Corrosion Lab 
measurements. 


Srove, Chem 


, M.L.T., Unpublished 


B. E. WarREN, Private communication. 

R. Powers ano N. Hackerman, This Journal, 100, 
314 (1953). 

R. M. Burns, J. Applied Phys., 8, 398 (1937). 

J. Monyrenny, “Stainless Iron and Steel,’’ 3rd ed., 
p. 302, Chapman and Hall, London (1951). 

J. Cops ano H. H. Unuia, This Journal, 98, 13 (1952). 

LD. SCHLAIN AND J. Smatxo, thid., 417. 

H. H. UnuiG ano J. W. Matrruews, Corrosion, 7, 419 
(1951). 

1. LanGomutr, J. Am. Chem. Soc., 40, 1361 (1918) 

1. LANGmutrR, thid., 64, 2798 (1932). 

S. Guassrone, “Introduction to Electrochemistry,”’ 
p. 524, D. Van Nostrand Co., Ine., New York (1942) 

HACKERMAN AND J. Suppury, This Journal, 97, 

109 (1950) 

U. R. Evans, ‘Metallic Corrosion, Passivity and Pro 
tection,”’ p. 5387, Ed. Arnold and Co., London (1946) 


35. 


}. H. C. Gatos ano H 


lay 195) 


T. P. Hoar, “Pittsburgh International Co 
Surface Reactions,” p. 127, Corrosion Pul 
Pittsburgh (1948). 


TENCE gy 
shing (‘) 
H. Unuia, This. : 

1 This Jou } 99, 9 


(1952). 


. Ref. 7, p. 24 
. H. H. Unuie, This Journal, 97, 215C (1950 


9. H. H. Unuie ann 8. 8. Lorn, JR., ibid., 100, 216 (ys 


2. A. TRAVERS AND J. 


.H. H. Unuie, Trans. Am. Inst. Mining Mot. F 


aii % 


140, 387 (1940). 
J. C, Warner, Trans. Electrochem. Soc., 83, 319 (\9; 
AuBert, Compt. rend., 194, 2, 
(1932). 


3. LE. Meunier ann QO. L. Brunet, Congres. Chem. Inj 


444 (1933). 

J. D’ANs anv U. Breckueimer, Z. Elektrochey 
585 (1952). 

QO. Gatry AND E. Spooner, ‘““The Electrode Potent 
Behavior of Corroding Metals in Aqueous Solutions 
p. 310, Oxford Press, New York (1938). 

N. HacKERMAN AND R. Powers, J. Phys. Chen 
139 (1953) 

Ref. 7, p. 165. 





Contribution to the Theory of Electropolishing’ 


CarL WAGNER 


Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 


ABSTRACT 


An ideal electropolishing process is characterized by a plateau of the current density - 
potential curve corresponding to the maximum diffusion rate of an acceptor for metal 
ions toward the anode. Such a process is amenable to a quantitative theoretical analysis. 
Formulas are derived for decrease of surface roughness as a function of the recess of the 
average surface, amount of metal dissolved per unit surface area, and product of current 


density and time. 


INTRODUCTION 


Jacquet (1) and others have shown that 
cell 


potential & gives a horizontal plateau for many 


a plot 
of current density J vs. voltage or anode 
lutions used in electropolishing processes. Such a 
urve is found whenever the diffusion of one reactant 
onsumed by an electrode process is the controlling 
iyctor, i.e., the concentration of the reactant at the 
surface of the electrode is much less than its bulk 
concentration, and the effective thickness of the 
hydrodynamic boundary layer has a definite value 
convection. In 
particular, a limiting current density is observed for 


determined by foreed or natural 
the electrodeposition of metals at a cathode. Kolthoff 
ud Miller (2) have also observed a limiting current 
density for the anodic dissolution of mercury if the 
liffusion of complexing ions such as S2O,;-~, SO, 
CN~, and SCN 


Elmore (3) has interpreted the occurrence of a 


is the limiting factor. 


miting current density for the anodic dissolution of 
imetal by assuming that the solution at the surface 
of the anode is saturated with respect to a salt of 
the dissolving metal, and the current density is 
determined by the diffusion rate of metal ions from 
the surface of the electrode into the bulk solution. 
lhis interpretation, however, is contradictory to the 
lact that the potential of the anode can be varied 
vithin rather wide limits, e.g., between 0.25 and 
lo volt for copper in 86% 
Walton (4), 


metal 


H;PO, according to 


whereas a constant concentration of 


ions at the anode and a constant current 


density are compatible only with a elec- 


trode potential. 


constant 


\ccording to Edwards (5, 6), the plateau of the 


rent density-potential curve is due to diffusion 
“1 an “acceptor” for metal ions toward the anode. 
When silver is electropolished in a cyanide bath (7), 
‘yanide ions are the acceptor forming Ag(CN):. 
in highly concentrated phosphoric or perchloric 


M isecript received October 15, 1953. 


acid, the acceptor may be water whose significance 
has been discussed particularly by Darmois, 
Epelboin, and Amine (8). Water is needed for the 
formation of hydrated cations such as Cu(OH,.),4**. 
A limiting value of the current density corresponds 
to a Maximum concentration gradient when prac- 
tically all the acceptor approaching the anode 
readily reacts with metal ions, and thus the acceptor 
concentration at the anode is much lower than the 
bulk concentration. This the 
plateau of the current curve 
implies that either the standard free energy of non- 
hydrated much higher than that of 
hydrated cations, or the activation energy for the 


interpretation of 
densit y-potential 


cations is 


formation of nonhydrated cations is considerably 
greater than the activation energy for the formation 
of hydrated cations. A process satisfying these 
conditions will be called an “ideal electropolishing 


process.”’ 


MATHEMATICAL ANALYSIS OF AN IDEAL 
ELECTROPOLISHING PROCESS 


Consider a sine-wave profile surface shown in 
Fig. 1 with a wave length, a, and an amplitude, b. 
At the surface of the electrode the concentration, 
c, of the acceptor determining the dissolution rate 
is supposed to vanish. Thus 


= Qat y = bsin (2r2v/a) (I) 


where y is the distance from the “average surface 
plane” of the anode indicated by the dotted line in 
Fig. 1, and x is the coordinate parallel to the average 
surface plane. 

If the dimensions a and b are much smaller than 
the effective thickness of the hydrodynamic 
boundary layer, only the innermost part of the 
boundary layer has to be considered, and thus flow 
of the liquid in the x or y direction may be neglected, 
since the velocity components at the surface of the 
electrode vanish. Then Fick’s second law applies. 








| 
| 
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Fig. 1. Sine-wave profile electrode 


For steady-state conditions it follows that 


os =D (2 : + : 4 = 0 (IT) 
al Ox oy" 
where D is the diffusion coefficient of the acceptor. 
Edwards (5, 6) has already obtained solutions of 
equation (Il) by determining experimentally the 
distribution of the electrical potential in a trough, 
involving a large scale model of the electrode, filled 
with tap water, and using the similarity between 
differential equations and boundary conditions for 
the concentration and the potential field. To arrive 
at general conclusions, it seems profitable to consider 
an analytical solution of equation (11). A particular 
solution reads 


e(x, y) = Bly — b exp (—2xy/a) sin (2r7/a)| (IIT) 


where B is a constant. If b < a, equation (III) 
virtually satisfies the boundary condition in equation 
(1) as is verified by substituting y = 6 sin (2r2/a) 
in equation (IIL) and letting the exponential fune- 
tion be unity asa close approximation since the expo- 
nent tends to zero for b/a — 0. 

Differentiation of equation (III) with respect to 
7] vields 


dc/dy = BIL + (2rb/a) exp (—2ry/a) 


sin (2rx/a)}. (IV) 


From equation (LV) it follows that the concentra- 
tion gradient becomes virtually independent of x 
and y at some distance from the electrode, i.e., if 
y > a. Furthermore, the constant B is found to be 
equal to the average value of the concentration 
gradient at the anode, (d¢/dy)a,,¢- A lineardependence 
of concentration on distance y will be found only in 
the innermost part of the boundary layer where 
flow of liquid can be neglected. A schematic concen- 
tration distribution for the entire boundary layer is 
shown schematically in Fig. 2. The effective thickness 
of the boundary layer, 6, may be defined as the 
distance of the intersection of the tangent line on 
the ¢ vs. y curve at y = 0,2 = 0 and the extrapolated 
plateau of the bulk concentration c,. Since equations 
(III) and (IV) presuppose a virtually constant 
concentration gradient at y > a, e.g., y > 4a, and 
thus the region y < 4a must belong to the innermost 














Fic. 2. Schematic graph of acceptor concentration 
function of distance from the electrode. 


boundary layer, the effective thickness musi 
much greater than the wave length of the electro, 
profile. This is a necessary condition for the validjy, 
of equation (III) and subsequent equations deriy, 
therefrom. 

Upon substituting y = b sin (2rx/a), expandiy 
the exponential function, and neglecting tern: 
involving higher powers of (b/a) except for the firs 
power, the concentration gradient at the surfac 
the y direction is found to be 


0c oc Qrb . : 
- - 1+ sin (2r2v/a) 
OY yb sin (29rz/a) OV ve a J 


ifb <a, a<é6 
In view of the condition b < a, we may disregs 


\|2 


the difference between the concentration gradien 
normal to the average surface plane and +) 
normal to the local surface, e.g., at x () 

x = loa. 

Next, consider the change in the shape of th 
surface profile as a function of time, ¢. Let » be t! 
distance of a point at the surface from the averag 
surface plane, and s,,, the distance of the averag 
surface plane from the reference plane, R, insid 
the electrode (see Fig. 1). Then the distance o! 
point at the surface of the electrode from 1! 


> 


reference plane, R, equals 
$= Sut 9 VI 
where 
n = bsin (2xx/a). V1] 


Decrease of distances s and syy¢ per unit time 
proportional to the local and to the average (is 
solution rate, i.e., proportional to the local and th 
average concentration gradient of the accepto 
respectively. Thus, in view of equation (V) 


—ds/dt = Cll + (2xb/a) sin (2mrx/a)} Vill 
ds.yg/dt = C I\ 


where ( is a constant, which is equal to the produ 


of the average concentration gradient, the dif/usie 


Vol. l 


coeth 
with 
equal 


corre 


vher 
profi 


i ¢o) 


ong 
will 
na 
\ 
prol 


site 








Vol. ! Vo. 4 

~oeffic) ut, and the volume of the metal reacting 
vith ove mole of the acceptor. Upon substituting 
equat (VI) in equation (VIII) and subtracting 


-orresponding sides of equations (VIII) and (1X), 
it fol E>) that 


—dn/dt = C(2rb/a) sin (2rx/a). (X) 


Decrease of the distance s,,, of the average sur- 
face plane from the reference plane, R, is equal to 
the displacement, u, of the average surface plane 
vith respect to its position at time ¢ = 0. Thus 


—Ad8uye = du. (X1) 


Dividing corresponding sides of equations (X) 
and (LX) and substituting equations (VII) and 
XI), one obtains 


—db/du = 2xb/a. (X11) 
Upon integration, it follows that 
b=ber"" if b<Xaa<«Ké (XII) 


vhere bo is the amplitude of the sine-wave surface 
profile at zero time and b is the amplitude at time, 

corresponding to the displacement, u, of the aver- 
ie surface plane. 

From equation (XIII) we readily recognize that 
percentagewise the amplitude of short sine waves 
vill decrease far more rapidly than the amplitude of 
ong sine waves. In other words, ‘“‘microroughness”’ 
vill disappear more rapidly than ‘‘macroroughness”’ 
n accordance with many observations. 

\ triangular wave profile or any other periodic 
profile may be represented by a superposition of 
sine Waves of different wave lengths and amplitudes 
as a Fourier series. During electropolishing the 
contributions of the shorter waves disappear more 
rapidly, and thus the profile approaches a sine wave 
profile involving the greatest wave length of the 
orginal pattern. This is in accord with results re- 
ported by Edwards (5, 6). 

From equation (XIII) it follows that the dis- 
placement, u, for a decrease of the amplitude from 

to bis 

“= alin (bo b)| 2r. (XIV) 

The corresponding loss of metal per unit area, 

Am A, is found to be 
Am/A = up = apolln(bo/b)] /2x (XV) 
where p is the density of the metal. 

From a copper electrode having a sine-wave 
profile with a wave length of 0.0134 em, which was 


vestigated by Edwards (5, 6), one has therefore 


’ 


ove 0.013 gram/cm® in order to obtain a 
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decrease of the amplitude to half the initial value. 
This value is in accord with results reported by 
Edwards for the later stages of experiments when 
his samples had a nearly sine-wave profile. 

The corresponding number of coulombs per unit 
area, equal to the product of current density, /, 
and time, ¢, is found to be 


J (amp/em’)t(see) 
_ 96,500 a(em)p(g ‘em’) ™ pb, (XVI) 
Eqw Qn h 


where 96,500 is the numerical value of the Faraday 
constant in coulomb/equivalent and EqW is the 
equivalent weight of the metal. For copper, e.g., 
%6 coulombs are required in order to decrease the 
amplitude by a factor of 10 if the wave length is 
0.01 em. 

The foregoing analysis is that of an ideal elec- 
tropolishing process. The following complications 
may occur. 

1. If the amplitude, b, is not much smaller than 
the wave length, a, equation (III) does not satisfy 
equation (1). Qualitatively, the foregoing conclu- 
sions remain valid, but a rigorous mathematical 
analysis would require the replacement of the one- 
term expression in equation (II1) by a Fourier 
series. 

2. If the wave length, a, is not much smaller 
than the thickness of the boundary layer, the de- 
crease in amplitude will be less than calculated 
from equation (XIII). This can be readily recog- 
nized from a consideration of the extreme case that 
the thickness of the wave length of the profile is 
much greater than the effective thickness of the 
boundary layer. In this case no differences in the 
local diffusion rate of the acceptor can be expected. 
Since according to equation (XIII) electropolishing 
removes microroughness more rapidly than macro- 
roughness if a < 6, the case a > 6 is not of great 
interest, especially when the viscosity of the solu- 
tion is rather high and, therefore, 6 is fairly large, 
e.g., 0.1 em. 

3. In solutions consisting mainly of perchloric 
or phosphoric acid, enrichment of salt and depletion 
of water increase viscosity. Accordingly, the dif- 
fusion coefficient may not be constant. Under these 
conditions, equation (II) has to be replaced by a 
more involved expression and the foregoing analysis 
has only qualitative significance. 

t. Further complications may be caused by the 
evolution of gas bubbles and, eventually, local 
variations of the reactivity of the dissolving metal, 
especially in the case of heterogeneous alloys so 
that equation (1) is not satisfied at all points of the 
surface of the electrode. 








| 
| 
| 
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INTERPRETATION OF ETCHING 


For a comparison, consider the behavior of an 
anode at which polarization is supposed to be negli- 
gible. Then the electrical potential ¢ along the sur- 
face is constant and may be set equal to zero as 
the reference potential. Using the notation intro- 
duced in Fig. | and equation (I), we have for a 
sine-wave profile anode 


¢ = Oat y = bsin (2r2z/a). (XVII) 
Inside the electrolyte, the Laplace equation 
¢/dx* + &e/dy = 0 (XVIII) 


holds. Consequently, we obtain the potential 
gradient at the surface of the anode in a form analo- 
gous to that for the concentration gradient indicated 
in equation (V), 


OY / gud sin (292z/a 


a 2rb . ; 
= (2°) [ + = sin (2ex/a) | 
OY) ave a 


if b <a, a <6. 


(XIX) 


The local current density, J, is proportional to 
the local potential gradient according to Ohm’s 
law. In view of the similarity between equations 
(V) and (XIX), equations (XIII) to (XVI) will 
hold if polarization is negligible. Consequently, the 
amplitude of a given roughness will decrease in the 
same manner as in the case of diffusion of an ac- 
ceptor as the factor determining the local dissolu- 
tion rate. Actually, however, polarization is not 
negligible. If the wave length a is small in compari- 
son to the parameter k defined as the product of 
electrical conductivity and the absolute slope of the 
potential-current density curve, the current density 





lay 195; 


is far more uniform than according to 

(XVIII) for vanishing polarization (9), 
For a < 0.01 em and a current densit) 

than the plateau of the J vs. E curve, 


Quatio; 


J lower 


uniform current density if & is uniform, je 


tallographic faces, however, the magnitude of 4, 


tivation polarization for the anodic dissolution of , 


metal is different, as is known from investig; 


crystallographic faces dissolve at different rate 
i.e., we observe electrolytic etching. 


Any discussion of this paper will appear in a Diseyss) 


Section to be published in the December 1954 issue of +), 


JOURNAL. 
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a < k and thus we have to expect a practical, 
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Potentiometric Titration of Simple Salts with Potassium 


in Liquid Ammonia” 
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ABSTRACT 


By means of potentiometric titration of solutions of salts with solutions of potassium 
in liquid ammonia at — 38°, it has been shown that bismuth(II1) iodide is reduced to Bi’, 
KX; Bi;, and K;Bi, without intermediation of either the +2 or +1 oxidation state of bis 
muth. Reduction of iron(II) bromide is very complex and apparently does not involve 
the intermediate formation of Fe*!. Reduction of potassium nitrate involves only reduc- 
tion of nitrate ion to nitrite ion, followed by precipitation of potassium hydronitrite. 
Data relative to reduction of cobalt(II) nitrate have permitted a choice between 
two possible reduction mechanisms previously proposed. Data presented in this paper 
clearly demonstrate the usefulness of the potentiometric titration technique in the 


study of the mechanism of inorganic reduction reactions in ammonia 


INTRODUCTION 


ian earlier report (1), equipment and procedures 


seful in carrying out potentiometric titrations in- 

iving solutions of metals in liquid ammonia were 
lescribed. Subsequently, these techniques have been 
pplied to detection of intermediate oxidation states 
f Group III nontransitional elements with particu- 

remphasis on aluminum (2-4). 

Experiments described in this paper were carried 
ut for the purpose of determining whether the po- 
tentiometric titration method might be useful in 

ucidating the mechanism of reduction of simple 

organic salts with solutions of metals in ammonia. 
or this purpose, halides and nitrates of two transi- 

and two nontransitional elements were em- 
loved, and the specific cases selected were delib- 
rately ones studied previously by less exacting 


I ethods 


EXPERIMENTAL 


Vat vals. 
materials employed in this work were reagent grade 


With the exceptions noted below, all 


hemicals that were used without further treatment. 
Bismuth(II1) iodide was prepared in 72% yield 
y a method described elsewhere (5). Analysis 


Uculated for Bil,: Bi, 35.4. Found: Bi, 35.4. X-ray 
lraction data for this product are listed in Table I. 


uscript received July 3, 1953 
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ess: Department of Chemistry, Michigan State 

Mast Lansing, Michigan 


Iron(I1) bromide (as the 6-ammonate) was pre- 
pared as described by Watt and Jenkins (7). 

Reagent grade potassium. nitrate was recrystal- 
lized from water and dried to constant weight at 
110°C. 

Ammonated cobalt(I1]) nitrate was prepared by 
displacement of water of hydration with ammonia 
by recrystallization from liquid ammonia as follows. 
Cobalt(11) nitrate 6-hydrate was converted to the 
corresponding 2-hydrate by drying in vacuo over con- 
centrated sulfuric acid. A 1-gram sample of the very 
finely divided 2-hydrate was placed on the fritted 
glass disk of a filter tube® and that end of the tube 
was sealed about 3 in. from the disk. The tube was 
cooled, inverted, air in the tube was displaced with 
ammonia gas, the end of the tube containing the 
salt was immersed in a dry ice-isopropanol bath at 
—70°C, and 3 to 4 ml of ammonia was condensed on 
the salt. The open end of the tube was then sealed, 
also about 3 in. from the filter disk. The tube was 
removed from the bath and allowed to warm to and 
remain at room temperature for three days. The 
saturated solution was then transferred by invert- 
ing the tube and immersing the empty end in a re- 
frigerant bath at —70°C. When the temperature of 
this solution was allowed to return to ca. 25°, a 
small crop of well-defined pink crystals separated. 
In this manner, transfer of the solution and removal 
of crystals was repeated until a major portion of the 
salt had been crystallized from the ammonia solu- 
tion. In the final transfer, the ammonated salt was 
retained on the filter disk and the solution was con- 
tained in the end containing the original sample. 
The tube was opened, the ammonia was allowed to 


*>Ace Glass Company filter tube, porosity B, 10 mm 
ID 
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TABLE IL. X-ray diffraction data for bismuth UIT) iodide 


This work* Literaturet 


iA 1/1 d,A VI 
7.03 <0.1 3.25 0.7 
5.97 <0.1 3.00 1.0 
5.17 0.1 2.53 0.7 
3.85 0.2 2.27 0.7 
3.32 1.0 2.15 1.0 
2.57 0.3 2.07 0.9 
2.19 0.4 1.96 0.9 
1.98 0.1 1.87 1.0 
1.83 0.1 1.81 1.0 
1.66 <0.1 1.29 0.7 
1.40 0.1 1.25 0.7 
1.36 0.1 1.10 0.7 
1.32 0.1 1.09 0.7 
1.07 <0.1 1.03 0.7 

1.02 0.7} 


* Data obtained using Cu K, radiation, Ni filter, 30-kv 
tube voltage, 15-ma filament current, and 4-hr exposure. 

t These data are taken from the ASTM Index of X-ray 
Diffraction Patterns and are attributed to Caglioti (6 
Lack of agreement between our data and those of Caglioti 
is obvious and it is concluded that his data are in error since 
both interplanar spacing and relative intensity data for 
several different samples prepared in connection with the 
present work were in excellent agreement. More recently, 
in entirely independent experiments, these data have been 
confirmed by Phillip 8. Gentile of this laboratory 

t Spacings corresponding to relative intensities <0.7 are 
not included 


evaporate, residual ammonia was displaced with dry, 
oxygen-free nitrogen, and the tube was transferred 
to a dry box wherein all subsequent sampling of the 
ammonated salt was done in an atmosphere of nitro- 
gen. Analysis: calculated for Co(NO ;)2-6NH,: Co, 
20.6: NHs, 35.8: ealeulated for Co(NOs,)o-5N Hs: Co, 
22.0; NHs, 31.7. Found: Co, 20.0; NH, 33.0. The 
composition indicated by these data is Co(NOs)2: 
5.7N Hs. 

Experimental methods.-With but one exception, 
equipment and methods used in this work were sub 
stantially the same as those described earlier (1). In 
a typical case, the solution to be titrated consisted 
of the salt in question dissolved in anhydrous liquid 
ammonia. Into this solution was immersed a plati- 
num reference electrode and a differential electrode 
comprising a platinum wire immersed in a solution 
having the same composition as the solution to be 
titrated, and connected to the main body of this 
solution by means of a capillary tube. The differen- 
tial electrode was connected to the positive terminal 
of the potentiometer. 

The exception referred to above was concerned 
with titrations involving nitrate solutions. For these, 
a reference electrode comprising the half-cell: Cu; 
Cu(NO;)0.1N, KNOy, (satd.), of the type used by 
Pleskov and Monossohn (8) was employed. This 





change was incorporated when use of tl! usta 
platinum reference electrode gave anomalou 


that are currently being further investigated 


, 
CSUITs 


The alkali metal used was potassium in a! ease 
and the titrations were carried out at —38 1% 
Bismuth(II1) iodide.-In a typical experiment. , 
solution of 0.2298 gram of bismuth(IIT) iodide } 
10 ml of liquid ammonia was titrated with a 0.0975) 
potassium solution. A black precipitate formed upor 
the first addition of potassium solution, and th, 
reaction mixture assumed a purple color after add 
tion of 17 ml of potassium solution. Total time » 
quired for this particular titration was 12 hr: dat 
are shown in Fig. 1. In other titrations that differed 
only with respect to concentrations of reactants used 
somewhat different results were obtained. For exam 
ple, titration of 0.3485 gram of bismuth(II1) iodic 
in 46 ml of ammonia with 0.0773N potassium soly 
tion over a period of 7 hr gave the data shown 
Fig. 2. Results of the type shown in Fig. 1 and 2 
were confirmed both with and without the use o/ 
potassium iodide as a supporting electrolyte. 

In a related case, 0.0410 gram of potassium dis 
solved in 50 ml of liquid ammonia was titrated wit! 
a saturated solution of bismuth(III) iodide in liquid 
ammonia (0.2574 gram Bil; in 51.0 ml NH,). Us 
of these conditions was dictated by limitations in 
posed by the capacity of available equipment an 
by solubility relationships; as a consequence, results 
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Fic. 1. Potentiometric titration: bismuth(II]) ‘odie 
with potassium. 
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Fig. 2. Potentiometric titration: bismuth(II1]) iodide 


th potassium 


must be interpreted on the basis of internal agree 
ment rather than on an absolute basis. Complete 
titration required 7 hr; data are given in Fig. 3. The 
haracteristie blue color of potassium solution was 
eplaced by a distinct purple color after addition 
of 18.3 ml of saturated bismuth(III) iodide solution. 
\fter 33 ml had been added, the purple color de- 
reased in intensity and the presence of a black pre- 
pitate was observed. 
ron I] bromide. 


).0917 gram) in 50 ml of liquid ammonia was ti- 


Iron(I1) bromide 6-ammonate 


trated with 0.0449N potassium solution over a period 
i 6 hr. Early stages of the titration were charac- 
terized by erratic emf values; after 8.3 ml of potas- 
sium solution had been added, a progressive, but at 
0 time abrupt, increase in potential began and 
mounted to a total change of 700 mv by the 
time 15.9 ml of potassium solution had been added. 
the characteristic blue color of potassium solution 
vas not observed, even though an excess of almost 
‘wo gram-atoms of potassium/mole of bromide was 
idded 

Potassium nitrate. —A solution of 0.0332 gram of 
potassium nitrate in 45 ml of liquid ammonia was 
‘trated with 0.0969N potassium solution. As titra- 
lon proceeded over a period of 29 hr, the solution 
vecame yellowish-green in color, then intensely 
ereen, and finally a yellow precipitate formed. The 


‘tration curve is shown in Fig. 4. 


10! No.4 POTENTIOMETRIC TITRATION OF SIMPLE SALTS 231 





+0.10 











Warearvaer ae eee re ee 


2 6 0 14 6 22 2 30 34 36 42 


Bil, SOun., we 





Fic. 3. Potentiometric titration: potassium with bis 
muth(III) iodide 
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Fic. 5. Potentiometric titration: cobalt(I]) nitrate with 
potassium 


Cobalt(11) nitrate.-An ammonate (0.0602 gram) 
corresponding to the composition Co(NQOs)2-5.4NH, 
dissolved in 46 ml of liquid ammonia was titrated 
with 0.0868. potassium solution. The initially pink 
solution became green in color and a black precipi- 
tate formed concurrently. A total of 21 ml of potas- 
sium solution was added over a period of 13 hr; the 
final reaction mixture consisted of a black precipi- 
tate and a greenish-yellow supernatant solution. 
Data are given in Fig. 5. 


DISCUSSION 


Titrations involving bismuth(II1) iodide and po- 
tassium were carried out for the twofold purpose of 
attempting to detect the formation of Br* and/or 
Bit and to clear up uncertainties in the results re- 
ported by Zintl and coworkers (9). In the reaction 
corresponding to Fig. 1, changes in potential oc- 
curred only upon addition of 12.0 and 16.5 ml of 
potassium solution; these values are to be compared 
with 12.0 and 16.0 ml calculated on the assumption 
of formation of Bi® and K,;Bi;, respectively. Thus, 
the first reaction observed is the three-electron 
change resulting in precipitation of elemental bis- 
muth, and there is no indication of intermediation 
of the 
shows clearly the formation of the polybismuthide 


2 and +1 oxidation states of bismuth. Fig. | 


K,Bi,, but not the intermediate species K,Bi,;. In 





ly 195) 


contrast, data of Fig. 2 show formation of 3)! and 
K;Bis upon addition of 20.4 and 24.6 ml of pv ‘assiyy, 
solution. The corresponding calculated va ies 4), 
20.4 and 24.5 ml. Zintl and coworkers (9) | itrates 
bismuth(II1) iodide with sodium solutions «{ —¢ 
and reported evidence for the formation of Na.p 
NasBis, and Na;Bis, although their evidence for t), 
latter was admittedly inconclusive. While results ,; 
the present study are in reasonable agreement wit! 
those of Zintl and coworkers, it has been demo 
strated that K;Bi; may be formed without inte 
mediation of K;Bi,; which exhibits an intense broy 
color in liquid ammonia solution; this color was jv) 
observed during the course of titration representa 
by Fig. 1. While the present work provides myc 
more conclusive evidence for the existence of his 
muthides of the type M;Bi; (where M is an alks 
metal), it is still not clear why these species are y 
formed in all cases. Zintl and coworkers suggested 
that the course of these reactions may be strong 
dependent upon concentration, but the range of co) 
centrations employed in the present work appear 
to rule out this explanation. 

When potassium in liquid ammonia was titrate 
with saturated bismuth(III) iodide solution, th 
results obtained were in good agreement with co 
parable data for corresponding reactions with s 
dium (9). Marked changes in potential oceurn 
after addition of 17.8, 28.2, and 34.0 ml of bismut! 
(Il) iodide solution as compared with calculat 
values of 17.8, 26.7, and 35.6 ml corresponding | 
the formation of K;Bi, K;Bi;, and Bi°, respective! 
For reasons indicated previously, the latter values 
were calculated on the basis of the volume of jodi 
solution required for formation of K,Bi; this 
point is visually detectable. Titrations of this typ 
gave no evidence for the formation of K,Bis. 

Study of the reduction of iron(II) bromide 
prompted by the desire to obtain evidence for thi 
existence of Fe* in liquid ammonia solution. It ha 
been shown previously (10) that principal product 
of this reaction are elemental iron and iron(! 
tride. The latter may arise from the following » 
quence of reactions. 


FeBr, + K — FeBr + KBr 


FeBr + K — Fe + KBr 2 


FeBr + NH, — FeNH, + NH,Br 4 


kK + NH; 4 KNH, + LoHe 5 
FeBr + KNH, — FeNH, + KBr ¥ 
3FeNH, — Fe;N + 2NH;, 


° 
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fron(1) itride most probably is formed by the de- 
ammon: ion of iron(l) amide which as indicated 
above may result from either ammonolysis of iron(1) 
bromide or from reaction between iron(I) bromide 
and potassium amide. In either case, the reduction 
of Fe*? to Fe*! must be postulated, and it was there- 
fore considered worthwhile to attempt to obtain 
evidence for the existence of Fe*!' under these con- 
ditions 

in view of the immediate precipitation of ele- 
mental iron and the concurrent evolution of hydro- 
ven (10), it follows that if iron(I) amide arises via 
reactions [1], [2], and [3a], competitive reactions 
with subsequently added potassium would involve 
reactions [1], [2], [3b], and the interaction of potas- 
ium with the ammonium bromide formed in [3a]. 
Of these, the latter and [3b] would probably proceed 
t the greatest rate. It is not surprising, therefore, 
that erratic potentials were observed in the early 
states of the titration. Although Fe® may, of course, 
result from the direct two-electron reaction with 
Fe*?, there is an alternative mechanism that pro- 
ides for both the precipitation of Fe°® and at least 
the transitory existence of Fe*', i.e., reaction [1] 
followed by disproportionation, 


2FeBr — FeBr. + Fe® [5] 


Thus, after formation of sufficient Fe°® to catalyze 
3b|, the latter reaction would compete with the 
probably slow reaction [5]. 

teduction of both alkali metal nitrates and _ ni- 
rites to “hydronitrites”’ of the type M.NOs has been 
ibserved previously (11-13) but only in terms of the 
dentity of the initial and final substances. Forma- 
tion of KeNO» from KNQOs, for example, may follow 


the course, 


KNO;, + K — KeNO; I6 | 


K.NO; + K + NH, 7) 
—+ KNO,. + KOH + KNH. | 


KNO. + K —- KeNO, 7a 


KwNO + 2h + NH; 


aM : ia 8 
mm? KeN Os + KOH + KNH, | | 


\s shown in Fig. 4, however, changes in potential 
corresponding only to two- and_ three-electron 
changes were observed, i.e., upon addition of 7.4 and 
(0.9 m! of potassium solution, as compared with cal- 
values of 7.5 and 11.2 ml. Hence, it appears 
formation of K.NQOs; as an intermediate does 


culate 


that ¢ 
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not occur and that the only reactions that take place 
are, 


KNO; + 2K + NH; 9] 
— KNO, + KNH, + KOH “ 
KNO, + K > KNO, [10] 


Watt and Keenan (14) suggested that reduction 
of cobalt(II) nitrate with potassium in ammonia may 
follow the course, 


Co(NO;)2 + 2K — Co(NO.)(NO;) + KO [11] 


KoO + NH; — KOH + KNH, [12] 
Co(NOs) (NOs) + KN Hz, [13] 
— Co(NO.)(NH2) + KNO, 
Co(NOs)(N He) + KOH + NH; [14] 
==> Co(N He)» + KNO. + H.O , 
KNO; + 2K — KNO,. + K.O 115| 
or alternatively, 


Co(NOs)2 + 4K — Co(NOs). + 2K.0 [16] 
2K;0 + 2NH; — 2KOH + 2KNH, [17] 
Co(NOs)> + 2KNH, =— Co(N He)» os 2KNO, [18] 


Both mechanisms were compatible with their experi- 
mental data, but the methods employed did not lead 
to data that would permit a choice between the two. 

From the data of Fig. 5 it is evident that signifi- 
cant changes in potential occur after addition of vol- 
umes of potassium solution corresponding to 2, 4, 
and 6 gram-atoms of potassium/mole of cobalt(I1) 
nitrate. That the reaction must follow the path sug- 
gested by equations [11] to [15] rather than [16] is 
strongly indicated by the occurrence of a marked 
change in potential after addition of two equivalents 
of potassium. Further evidence in favor of the first 
mechanism is found in the fact that the plateau at 
0.8 volt (Fig. 5) is in agreement with that for the 
reduction of nitrate ion to nitrite ion found in the 
reduction of potassium nitrate (Fig. 4). The last of 
the three observed changes in potential li.e., that 
which corresponds to 6 gram-atoms of potassium 
mole of cobalt(II) nitrate] is attributable to the pre- 
viously observed (14) and relatively slow reduction 
of cobalt(II) amide to elemental cobalt. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1954 issue of the 
JOURNAL. 
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ABSTRACT 


Potentiometric titration of tetrammineplatinum(I]) bromide with potassium in 


liquid ammonia at 


38°C shows that reduction of this salt to an ammine of platinum(0) 


is exactly a two-electron change and that the +1 oxidation state of platinum is not an in- 


termediate. Similar reduction of bromopentammineiridium(II1) bromide is apparently 


more complex and leads to observed changes in potential that do not correspond to any 


reasonable or probable reactions. Titration of this same iridium salt with potassium 


amide solution, however, provides evidence for stepwise replacement of bromine by 


amido groups followed by conversion of the resultant iridium(III) amide to (prob- 


ably) 


a potassium amidoiridate(III). Bromopentamminerhodium(III) bromide and 


potassium amide react similarly, but only to and including the formation of rhodium (ITT) 


amide 


INTRODUCTION 


In previous papers from this laboratory, develop- 
ment of a method for carrying out potentiometric 
trations in liquid ammonia and use of this method 

the study of unusual oxidation states and reduc- 
on reaction mechanisms have been described (1). 
[his paper is concerned with similar studies involv- 
ig reduction of ammines of certain transitional 
metal bromides with solutions of potassium in am- 
monia. In addition, two reactions in which liquid 
ammonia solutions of potassium amide were used 
as titrant are described; the course of reactions of 
this type has not previously been followed potentio- 
metrically. 


EXPERIMENTAL 


kxperimental details were in all'respects analogous 
\o those described earlier (1). In all cases reported in 
this paper, anhydrous liquid ammonia solutions that 

ere titrated with either standard potassium or 
standard potassium amide solutions contained not 
only the ammine bromide of interest but also a suit- 
ible supporting electrolyte. The two electrodes con- 
sisted of a platinum reference electrode and a dif- 
erential electrode of the type used previously (1, 5). 
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The differential electrode, which was connected to 
the positive terminal of the potentiometer, consisted 
of a platinum wire immersed in a solution having a 
composition the same as that of the solution to be 
titrated, and was connected to the main body of the 
latter solution via a fine capillary tube. 

Appropriate ammine bromides of rhodium (2), 
iridium (3), and platinum (4) were prepared and 
characterized by methods described elsewhere. 
Titration of tetrrammineplatinum(11) bromide with po- 
fassium.—Preliminary experiments showed that ade- 
quately sensitive potentiometer readings could be 
obtained only through use of a supporting electro- 
lyte. Accordingly, 0.1217 gram of [Pt(NH,)4|Bre and 
0.10 gram of potassium bromide, both dissolved in 
10 ml of liquid ammonia, were titrated with 0.0506.N 
potassium solution over a period of 9 hr. The ini- 
tially clear solution became progressively darker in 
color until near the end of titration, whereupon in- 
tensity of the color decreased relatively rapidly and 
the presence of a pale yellow precipitate was ob- 
served. Addition of a considerable excess of potas- 
sium failed to produce either the blue color charac- 
teristic of solutions of alkali metals in ammonia or 
the potential anticipated for an ammonia solution 
of potassium amide. The data are shown in Fig. 1. 
Titration of 


trans-diammineplatinum(l1) bromide 


with potassium.— Potentiometric titrations involving 
these two reactants gave results substantially iden- 
tical with those in Fig. 1. 

Titration of bromopentammineiridium(II1) bromide 
with potassium.—In a typical case, 0.1114 gram of 
[Ir(NH;)sBr|Bro and 0.15 gram of potassium bro- 
mide in 70 ml of liquid ammonia was titrated with 
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Fic. 1. Potentiometric titration: tetrammineplatinum 
Il) bromide with potassium 
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Fic. 2. Potentiometric titration: bromopentammineirid 
ium(II1) bromide with potassium 


0.0663. potassium solution (time, 14 hr). A precipi- 
tate formed slowly, and the blue color of the potas- 
sium solution was discharged rapidly during approxi- 
mately the first half of the titration. Thereafter, rate 
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Fic. 3. Potentiometric titration: bromopentammin: 
ium(II1) bromide with potassium amide 


of reaction decreased markedly, the presence 
cream colored precipitate was observed, and « 
librium was re-established relatively slowly 
each addition of potassium solution. The blue « 
of the potassium solution persisted after additio: 

a total of 9.4 ml. The data are shown in Fig. 2 
Titration of bromopentamminetridium(L11)  bren 
with potassium amide.—A solution of 0.125 gram 
potassium bromide and 0.0931 gram of [Ir(NH,),} 
Bre in £0 ml of liquid ammonia was titrated wit! 
0.0605N potassium amide solution over a period 
20 hr (Fig. 3). The amide solution was prepared 
interaction of potassium and liquid ammonia in thi 
presence of an iron wire catalyst in the vessel ori 
narily used for preparation of standard alkali me' 
solutions (5). A white finely divided precipitate | 
observed after addition of 4.2 ml of potassium ami 
solution, and the following solution colors were 
served upon addition of the indicated volumes 
titrant: 0, colorless; 7.0, yellow; 14, orange; 16. 
bronze. 

Titration of bromopentamminerhodium(II1) brom 
with potassium amide.—In an experiment of the typ 
described above, a solution of 0.91 gram of potassill 
bromide and 0.0433 gram of |Rh(NH;),Br|Br 
70 ml of liquid ammonia was titrated with 0.0266. 
potassium amide solution (time, 8 hr). Resulti 
data are given in Fig. 4. The intensity of color of tli 
initially pale yellow solution decreased during add 
tion of 6.5 ml of the amide solution, whereupon ther 
appeared a turbidity that persisted until 10.0 m! hat 
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{. Potentiometric titration: bromopentamminerho 
IIl) bromide with potassium amide 


1 added. Thereafter, the solution became pro 
gressively more intensely green in color until 14 ml 
had been added and the solution color began to 
hange from green to vellow-green. 


DISCUSSION 


studies leading to the conclusion that reduction 
' tetrammineplatinum(II) bromide with potassium 
immonia produces an ammine of platinum in the 
ero oxidation state (4), it became necessary to es- 
tablish exactly the reaction ratio involved. Titra- 
lions of the type shown in Fig. 1 were carried out 
r this purpose and also with a view to determining 
hether this reaction proceeds via a single two- 
electron reaction or two consecutive one-electron 
hanges. It is evident from Fig. 1 that intermedia- 
on of the +1 oxidation state is not involved and 
that reduction of one mole of the bromide requires 
‘sactly two gram-atoms of potassium. An increase 
i potential of the order of 1.3 volts occurred sharply 
ipon addition of 11.0 ml of potassium solution; the 
Olume calculated on the assumption of a two-elec- 
‘ron change is 11.3 ml. That substantially identical 
results were obtained in titrations involving trans- 
lammineplatinum(I1) bromide is consistent with 
the fact that the trans-isomer is slowly converted 
'o the tetrammine in liquid ammonia at its boiling 
lemperature (4). 


In s-veral titrations of bromopentammineiridium- 


POTENTIOMETRIC TITRATION OF AMMINES 


(II1) bromide with potassium, changes in potential 
that apparently may not be correlated with any an- 
ticipated stoichiometry were observed. With refer- 
ence to Fig. 2, for example, the increases in potential 
that occurred upon addition of 4.5 and 8.5 ml of 
potassium solution are to be compared with 6.5 and 
9.7 ml calculated on the assumption of reduction of 
Ir** to Ir*! and its subsequent reduction to Lr°. Simi- 
larly, change in potential (and appearance of a per- 
manent blue color) corresponding to complete reduc- 
tion of Ir** to Ir®° was also premature in all cases, 
and since different and authentic samples of the bro- 
mide were employed, these results cannot be attrib- 
uted to impure starting materials. It is possible to 
postulate a mechanism in which it is assumed that 
Ir*® is reduced to Ir*! which in turn reduces Ir** 
to Ir**? and the latter is reduced to Ir® upon further 
addition of potassium solution. If it is further as- 
sumed that (owing to competitive rates that may be 
involved) one-third of the Ir*! is ammonolyzed to 
iridium(I) amide, then it may be shown that the 
observed changes in potential are almost exactly 
those to be anticipated under such conditions. This 
requires, however, that iridium(I) amide be stable 
in the presence of subsequently added potassium 
solution and that it constitute one of the final prod- 
ucts. This is clearly incompatible with other data 
relative to the identification of pentammineiridium- 
(0) as the end product (3). 

Changes in potential that are shown in Fig. 3 and 
that result from addition of 2.8, 5.8, 8.6, and 17.2 ml 
of potassium amide solution (calculated: 3.0, 6.0, 
8.9, and 17.8 ml) apparently correspond to the reac- 
tions (coordinated ammonia omitted), 


IrBr; + KNH, — Ir(NH2)Bro + KBr [1] 


Ir(NH.)Br. + KNH. — Ir(NH.)oBr + KBr [2] 


Ir(NH.)oBr + KNH,. — Ir(NHe)s + KBr [3] 
Ir(NH»o), + 2KNH. — Kglr(N He)¢ [+4] 
or, 


Ir(NH.); + 3KNH. — Ir(NHK); + 3NH,; [4a] 
This interpretation is further supported by the fact 
that iridium(III) amide has been isolated (in the 
form of the l-ammonate) as the only ammonia-in- 
soluble product of the interaction of the bromide and 
potassium amide in a 's mole ratio (3). Neither the 
present nor previous work (3) permits a choice be- 
tween alternatives suggested by equations [4] and 
l4a}. 

From data shown in Fig. 4, it is apparent that 
reactions between bromopentamminerhodium(II1) 
bromide and potassium amide are strictly analogous 
to those with the corresponding iridium compound, 
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i.e., equations |1] to [3], inclusive, except for the fact 
that rhodium(III) amide is not converted to a solu- 
ble species by action of excess potassium amide, i.e., 
rhodium(III) amide is less amphoteric than irid- 
ium(II1) amide. Rhodium(II1) amide has been inde- 
pendently isolated and characterized (2). Attention 
should be called to the fact that the volumes of po- 
tassium amide solution corresponding to the changes 
in potential shown in Fig. 4, i.e., 4.6, 9.5, and 14.0 
ml, are higher than calculated volumes based on 
concentration of the potassium amide solution used, 
i.e., 3.8, 7.6, and 11.4 ml. However, if the final in- 
crease in potential is taken as evidence for the forma- 
tion of rhodium(III) amide, which is reasonable in 
the light of other available evidence (2), then the 
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two preceding changes in potential sh: Jd 
upon addition of 4.7 and 9.3 ml. 
Any discussion of this paper will appear in « Dige, 


Section, to be published in the December 1954 
JOURNAL 
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of Electrodeposited Zine to Aluminum Cathodes' 


Australia 


An apparatus for measuring the adherence of zine electrodeposited from acid zinc 


sulfate solutions on aluminum cathodes is described. Adherence was recognized as 


or “‘spot”’ behavior. Chloride favored increase in sheet adherence and fluoride 


ion favored spot adherence. Mechanical, thermal, and electrolytic treatments of cathode 


surface as well as chemical composition of electrolyte were investigated. There was no 


correlation between surface roughness and adherence. Smaller aluminum crystals in the 


\dherence 
Iss 
I. H. C. Kewry 
University of Tasmania, Hobart, Tasmania, 
ABSTRACT 
¢ ‘“‘sheet”’ 
98, | cathode surface favored stronger adherence. 


The first stage of deposition was development of ovoid particles 8 x 5 microns, in 


creasing in number until a complete sheet was obtained. Such particles preferred to 


develop at sharp points and crystal boundaries. Rupture of interface was observed micro 
scopically in the aluminum surface. Zine diffused into cathode with time, but aluminum 


on the surface of the zine electrodeposit was attributed to fracture in aluminum during 


stripping. Mechanism of adherence was explained as an attachment at a varying number 


of active spots rather than by mechanical anchoring. 


INTRODUCTION 
the commercial production of zine by elec- 
low adherence to an aluminum cathode is 
the 
thode is effected manually, and the process of 


vai. 
Wesirable. Separation of the zine sheet from 
ting and stripping may be repeated up to 1000 
mes or more on a single cathode sheet before the 
minum is rejected from service, usually for 
easons other than a damaged surface. Whereas 
troplaters for ornamental or protective work 
ire adherence values of probably 1000 or more 
of 


reially is best served if the adherence is between 


gem’, production electrolytic zine com- 
eand two kg/cm*. In this paper, the measurement 
idherence of zine electrodeposits is described, 
uid the mechanism of adherence is discussed by 
sidering these results in relation to information 
ptained from the following investigations: (@) an 
ramination of the microroughness of surfaces with 
ilysurf’’ instrument (see later); (b) metallographic 
eCamination: (¢) 


ot 


teriace 


microscopic examination of first 
(d) 
and 


ges electrodeposition ; examination of 


between cathode electrodeposit ; 
chemical analysis of thin layers from the surface 
i metals at the interface after separation of the 


trodeposit. 
EXPERIMENTAL 
Measurement of Adherence 


he apparatus used for this purpose is illustrated 
Mig. 1. It 
method deseribed by Schlétter (1) giving results in 


is a modification of the “Burgess” 
absolut 


values, ie., kg/em*®. Schlétter soldered a 


Manuseript reeeived May 4, 1953. 
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metallic loop to the surface before pulling off the 
electrodeposit, but as this is undesirable for zinc 
electrodeposited on aluminum, a glue bond be- 
tween the electrodeposit and the pulling bar was 
used. 

x 9 em 
x 0.6 em (thick) were cut from rolled aluminum 


For these measurements, cathodes 5 cm 


sheet of a high grade of commercial purity. A single 
cathode was plated at a time in a beaker carrying 
electrolyte of Anodes 


cut from pure lead sheet were used, one on each side 


the required composition. 


of the cathode. Zine was plated for three hours to a 
thickness of approximately 0.15 mm. These deposits 
were strong enough to be pulled off without breaking. 
A suitable area for the adherence test was 2.5 cm 
x 1.25 em and this was outlined by grooving the face 
of the cathode sheet with a sharp pointed tool. 
The plated zine sheet was cut along these lines with 
a very sharp knife and stripped from areas other 
than those required. For adherence values up to 
approximately 7 kg cm® this proved satisfactory, 
but for greater adherence a smaller area of zine was 
used. 

Two test rectangles were marked on one face of 
the cathode sheet. One end of a steel bar 18 em long 
and 2.5 em x 1.25 em cross section was glued to the 
back of one of the rectangles of zinc. The most 
satisfactory method for attaching the bar to the 
zine sheet was to insert a piece of linen between the 
two metal surfaces and glue to each with a liquid 
glue, the whole being dried at 18°C for 15 hr. 

A current density of 32 ma/cm? was used as a 
standard procedure in plating. The cell temperature 
was maintained at 35°C. The electrolyte was a 
of sulfate (70 g 1 zine) in dilute 


solution zine 
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sulfuric acid (100 g/l of HSO,). To this electrolyte 
was added one or more of the common impurities 
experienced in commercial zinc electrolysis. With 
only zine sulfate-sulfuric acid solutions, no ‘“ad- 
dition” agent was necessary, but when additional 
ions were added, 24 mg’! of glue was used. When 
arsenic and or antimony was present, then 10 
mg | of beta-napthol was also added. The addition 
agent was put in before electrolysis and the initial 
amount was sufficient for the three-hour plating 
period. Before each plate was deposited, the test 
cathode was immersed in the particular electrolyte 
for 16 hr at 18°C. Some exceptions to these standard 
procedures were also investigated. 

Adherence values were difficult to reproduce with 
a high degree of accuracy, but it was possible to 
arrange results in groups according to certain ranges 
of adherence. The standard deviation of a determin- 


ation from a single test area was +50%. It was 
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Fig 1. Laboratory adherence tester 


found that results from one side of the rolled alu 
minum sheet differed from those on the reverse 
side, so that for comparative purposes only one side 
of the sheet was used. The difference was related to 
crystal structure in the surface. Higher adherence 
was obtained on the surfaces with smaller crystals 
of aluminum. 

Values for adherence from less than 0.1 to as high 
as 57 kg cm? were observed. For this investigation, 
the important range of values was | to 2.5 kg em?” 
and there was not much point in attempting to 
measure adherence in excess of 7 kg em*. This was 
related to the requirements for manually stripping a 
zinc sheet from the aluminum cathode during the 
course of the commercial manufacture of electrolytic 
zinc. Sheets deposited under conditions giving 
adherence values in excess of this figure were far too 
difficult to remove. 

In commercial plant practice it had been observed 
that on some occasions the electrodeposit adhered 


with reasonable uniformity over the whole cathode 








Vol. 101, 
surface, whereas, in other cases, adhe yep dherene 
experienced in smaller patches. Two ty; os of ' onducte 
herence conditions were therefore spec fied ng his tyP 
referred to descriptively as “sheet” adhe: ene x, athode 


ong pe! 
ter lor 


101) was | 


“spot” adherence. In order to differentiat: hery 
these conditions in the test cathodes the follyy 
method was adopted for interpretation | results 
A quantitative estimate of adherence was do 
mined, using values from two adjacent test ares, 
the experimental cathodes. Spot adherence 












Throw 


identified from the ratio of the higher value 1 Jaborat 


0 4) 
lower value of adherence from two adjac nt an qtories), 
On the other hand, the average value from adj acy ments v 
test areas has been used as a measure of sho — 
adherence. surf in 
this inst 


RL. 


some 


Values for spot adherence estimations varied 
the range | to 13, whereas for sheet adher 
values from 0.1 to 57 kg em® were recorded. as hy 
already been indicated. correlat 
Tests giving spot adherence ratio values | measur 


than 3 were considered satisfactory, whereas vs 


Vetallo 
in excess of 6 were considered to be high, and thos 
. . Met: 
in excess of 9 to be very high and unsatisfact 
a ™s . cause 
rests were conducted under 53 sets of condit AU 
“a= é, : a N volver 
and the most significant of these are given in Table | 
. . deposit 
From these tests it was concluded that mecha i 
‘ » ° : . ‘or 
roughening of the aluminum surface did not 1 
. : - num 
sarily result in increased adherence of the hod 
. . . . at no 
deposit. Of the chemical factors tested iy : 4 
, : ; a butt 
electrolyte only chloride ion showed increas Day 
. ; . ° - ootain 
sheet adherence of statistical significance. spo 
freshly 
TABLE I —— 
wid; 
Adherence kg/cm R vr: 
Test Electrolyte composition ad Wit 
No rolled surface of Al as cathode Individual Average “ rvsta 
values values “* 
WK) X 
] Pure ZnSO, at 70 ¢/1 Zn 1.1 & 1.3 1.2 1.2 to en 
and 100 g/l H.SO, fica 
2 Same as above, with 1.9 & 1.8. 1.85 In 
addition of 16 g/l Mn 14 
as MnSO, . 
3 Same as for test 2, plus 3.2 & 3.9 3.55 }.2 ne @ 
80 mg/l Cl as HCl rema 
$ Same as for test 2, plus 6.0 & 5.3 5.65 
200 mg/l Cl as HCI 
5 Same as for test 2, plus 0.85 & 0.85, 0.85 
10 mg/l F as HF ‘p 
6 Same as for test 2, plus 2.25 & 1.4. 1.82 1. Op 
80 mg/l Cl as HCl and Deri 
100 mg/l F as HE Zi 
7 Same as for test 2, plus 2.25 & 2.55 2.4 wall 
. smi 
80 mg/l Cl as HCl and 
. . the 
10 mg/l F as HE m 
S Same as for test 7, but 5.3 &0.4 2.8 15.0 part 
with 64-hr pickle eng 
9 Same as for test 7, plus 1.3) & 0.85 1.08 1.0 part 
0.5 mg/l Cu as CuSO, 
10 Same as for test 7, plus 1.0 &0.4° 07 2.0 
10 mg/l Cu as CuSO, Engl 
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,jherence Was experienced when electrolysis was 
nducted in an electrolyte containing fluoride ion. 
his type Of adherence was also experienced if the 
athode had been pickled in acid electrolyte for a 
ing period before electrodepositing. The effect 
iter long pickling was the same, whether fluoride 
ion Was | resent or not. 


Surface Roughness Measurements 


rhrough the services of the Defence Research 
laboratories (one time Munitions Supply Labor- 
jjories), Maribyrnong, Victoria, Australia, measure- 
ments were obtained of the surface roughness of 31 
gecimens of aluminum and 6 of zine using a ‘“Taly- 


a” indicator-recorder, The description and use of 


‘his instrument has been published elsewhere by the 
)R.L. (then called M.S.L.) (2). 

some of these results are given in Table Il. No 
wrrelation was found between surface roughness so 
measured and the degree of adherence. 


elallographic Examination of Crystal Structure 


Metallographic examination had limitations be- 
ause the observation of crystal structure in- 
ved destruction of the surface used for electro- 
leposition. 

For microscopic examination, specimens of alumi- 
jum were prepared by polishing selected areas of a 
ithode surface with fine abrasive cloth, followed by 
i buffing with alunite powder. The final finish was 
itained by polishing with “Brasso,’” and using 
freshly prepared etchant of the following compo- 
ition: 50% hydrochloric acid; 47% fuming nitric 
wid; and 3% pure hydrofluoric acid. 

With a 30-see etch, the orientation and size of 
rystals were clearly seen at a magnification of 
“0X. Surface scratches were widely enough spaced 
ty enable clear fields to be observed at this mag- 
heation, 

In all cases examined, the crystals were smaller 

the specimens which had given higher values for 
the adherence of the electrodeposit (other factors 
remaining unchanged). 


Vicroscopic Observation of Electrodeposition 

Specimens of aluminum were examined micro- 
wopically after deposition of zine had proceeded for 
beriods such as 30, 60, 90, and 120 see. 

Zinc did not deposit as a uniform sheet but as 
oid particles, each with its long axis normal to 
‘he plane of the aluminum surface. Size of these 
particles was remarkably uniform and with axis 
igths of approximately 8 and 5u. The number of 
particles rather than the size of individual particles 

Brosso” is a product of Reckett and Colman Ltd., Hull, 
“iglan |, and is recommended for polishing soft metals. 
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TABLE II 


Talysurf meter 
readings Adher 
Specimen examined ence 
| Mean | kg/cm? 
Max. & min. | of six 
readings 


New aluminum, pickled 16 hr at | 0.38-0.51 | 0.46 | 1.27 
18°C; plated and stripped | 0.38-0.51 0.43) 1.15 
(electrolyte = pure zine sul- | 0.43-0.66 0.53 
fate, 70 g/l Zn & 100 g/l 0.46-1.08 | 0.66 
H.SO,) 


Specimen as above, but elec- 0.38-0.46 0.41 5.28 
trolyte contained 16 g/l Mn | 0.43-0.81 | 0.53 | 6.05 
and 200 mg/! Cl in addition 


Specimen as above, but elec-  0.41-0.53 | 0.51 | 0.84 
trolyte contained 16 g/l Mn = 0.48-0.71 0.53. 0.84 
and 4 mg/l F in addition to 
ZnSO, and H.SO, 


Specimen as above, but pickled  0.81-1.02 0.91 
64 hr at 18°C in electrolyte | 0.58-0.74 0.63 1.27 
with 40 mg/l F 


- 
«J 
ao 


Specimen brushed by hand with 1.78-2.59 2.16 
steel wire brush. Pickled, 1.35-1.58 1.50 2.32 
plated, and stripped, elec- 
trolyte from commercial plant 
cells 


_ 
— 
or 
= 
-_ 


New aluminum, different sheet 0.28-0.30 | 0.28 


Same as above, but brushed by | 0.70-1.98 | 1.86 
hand with steel wire brush 1.60-2.29 .03 


to 


increased as plating progressed. Also, by changing 
the surface treatment or electrolyte characteristics 
the rate at which these particles appeared could be 
varied. It would appear that these primary particles 
deposit at points where the aluminum oxide film is 
cracked or particularly thin. Where surface ir- 
regularities were conspicuous it was noted that 
particles developed preferentially at sharp peaks or 
ridges or at the lips of surface depressions. These, no 
doubt, were points of higher current density. 

On a specimen prepared for examination of 
crystal structure, it was noted that particles pre- 
ferred to form at crystal boundaries. This was in 
agreement with work reported by Kyropoulos (3) 
who studied the manner in which electrodeposits 
form on aluminum crystals. 

Conditions which favored rapid development of 
primary zinc particles also favored strong adherence 
of the zine electrodeposit, and vice versa. Con- 
ditions for strong adherence showed 20 to 30 times as 
many primary particles in 90 sec of plating as 
conditions for weak adherence. 

It was found possible to obtain an estimate of the 
relative adherence of primary zinc particles by 








} 
j 
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manipulating a thin steel wire under the objective 
of the microscope when examining prepared speci- 
mens. Adherence of these particles was found to 
vary appreciably; those which were earliest to 
appear were generally more firmly attached than 
those appearing after a longer plating period. 

Dependence of points of deposition on the oxide 
film was demonstrated by anodizing an aluminum 
cathode in a chromic acid bath. Using this as a 
cathode in acid zine sulfate electrolyte, a continuous 
sheet of zinc was obtained, but it was attached to the 
cathode at only a very few points. 

A film type of deposit was obtained following the 
technique of Bullough and Gardam (4), designed to 
remove the oxide film completely and limit its re- 
appearance before deposition commences. The 
aluminum surface was prepared in a nitric-hydro- 
fluoric acid bath, and then transferred to a sodium 
zineate bath, through water washes, without allow- 
ing the face to dry. A thin, but continuous, im- 
mersion deposit of zinc, very firmly adherent to the 
aluminum, was obtained in this manner. Attach- 
ment was virtually at an infinite number of points 
and adherence values of the order of the tensile 
strength of aluminum were recorded by Bullough 
and Gardam (4). 

Film type deposits were also obtained in the 
current experiments when copper and lead were used 
as cathodes instead of aluminum. 


Microscopic Examination of the Inte rface 


Plated specimens, cut on the taper using the 
technique described by Nelson (5), were prepared 
but were not suitable for microscopic examination 
owing to the softness of the aluminum. A specimen 
cut normal to the plane of plating allowed zine or 
aluminum to be etched individually, but at magni- 
fications high enough to reveal the structure of the 
interface it was not possible to obtain both surfaces 
in focus simultaneously. 

Specimens of smooth rolled aluminum which had 
been plated and stripped were examined micro- 
scopically. Small craters appeared in the surface 
after removal of the electrodeposit. In subsequent 
short periods of plating, primary particles of zinc 
preferred to form at the lips of these craters rather 
than in the depressions. These crater-like pits 
apparently had been foci of attachment for the 
original zine deposit, and rupture had taken place in 
the aluminum surface. These craters were of the 
order of 1.54 deep and several microns across; 
frequently several craters were joined to give 
trough-like indentations. 

Bullough and Gardam (4) when examining the 


adherence of nickel deposits to aluminum and its 


alloys, using zinc as an intermediate lay: 
served fracturing in the aluminum. 

A Brinell indenter was used to exo nine 
hardness of specimens of aluminum » jd 
Nothing unusual was noted in specimens 


(i 
aluminum for which values of the order 6) 40 yoy, 


obtained. Values for the zine were, however. - 
preciably higher. Over the surface of stripped ,jy, 
electrodeposited sheets, values varying — betyou 
150 and 225 were obtained, the average being 


approximately 200. On the other hand, with sectin,. 
cut through the zine sheet, normal to the {y:, 


values of the order of 70 were obtained. While 
these values for zine may have been unexpected) 


al - . 
high, nevertheless they are consistent with th 


microscopic observation of fracture in the aluminuy 
surface, indicating greater softness of this mer 
Hanley and Clayton (6) investigated the 4 
herence of zine electrodeposits to aluminum cat! 
odes. These authors explain the mechanism 
adherence in terms of physical anchorage. Genera 
results obtained by the present author wer 


line with the findings of Hanley and Clayton, but } 


is not possible to agree on the mechanism of 


herence. On the other hand, there are no results 


quoted by Hanley and Clayton which could not | 
explained by a theory of attachment at elect 
chemically active points. 

ANALYSIS OF INTERFACIAL LAYERS 


Some tests were made in which a thin layer 


aluminum was scraped from the surface of a cathod 


after having been in service for some time in |! 
commercial zine plating plant. These scrapings we! 


analyzed for copper and zinc. Of ten cathodes tested 
five had been associated with a zine electrodeposi 


which stripped easily, and five had been difficult | 
strip. 
The thickness of the layer scraped averaged |» 


tween 40 and 50u. The analysis of the easily stripped 


cathodes averaged 0.071% copper and 3.44% a 


Zine content was remarkably uniform, but coppe! 


varied widely from sample to sample, from a max 


TABLE III 


Depth of layer 


examined, microns Aluminum Remarks 
8.3 0.15 Commercial plant — catho 
stripped easily 
1.35 0.085 Commercial _ plant ithod 
stripped with diffieul' 
$.2 0.015 Commercial plant — cathod 


stripped with diffieul!) 


Not determined 0.0026 Pilot plant cathode, stmp)' 


easily 
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OE um of 0.191% toa minimum of 0.023 %. In the case 
of the cai vodes which were difficult to strip, both 
copper aad zine concentrations were reasonably 

yniform, averaging 0.022% and 2.43 %, respectively. 

Hanley and Clayton (6) drew attention to the 

‘ito afluence of copper in the electrolyte increasing the 

ip. alherence of the electrodeposit, but this effect was 

wot obtained in the present series of tests (see tests 

y and 10 in Table I). It is believed that the initial 

“ig jistribution of copper in the aluminum sheet 
oyercises 2 controlling influence on the adherence, but 
‘he tests were not carried far enough to produce 
elusive evidence on this point. The solid solubility 

ul { copper in aluminum is usually reported as 0.25 

H30% at room temperature. Some workers, how- 

er. consider that the solubility is nearer 0.08 

12%. Copper concentration of the aluminum sheet 

ed for cathodes covers this range, and presence 

{ CuAl. as a solid phase may have some bearing on 

the problem. 

lhe effect of pickling in spent electrolyte on the 
emoval of zine from the aluminum surface was 
xamined. Large lumps of zine left after stripping 
ere removed quite effectively in this manner. 
Whether they fel! off as the result of aluminum in the 
mmediate vicinity being dissolved, or whether they 
solved preferentially in spite of the relative 
positions of zine and aluminum: in the electro- 
hemical series Was not examined critically. There 
is, however, obvious liberation of hydrogen from 
ge lumps of zine still attached to the cathode sur- 
face. The zine of more particular interest for this 
estigation was that which had apparently diffused 
to the surface of the aluminum. It was observed 
that during the pickling process zine was certainly 
ot removed any faster than aluminum, but tests 
ere not extended to determine whether the con- 
erse may have been the case, although such was not 

OMSpleuous, 

ed Full sections of aluminum sheets were also 

iyzed for copper, and the following results were 

‘tained from nine sheets of aluminum: 0.051, 

0.27, 0.04, 0.05, 0.07, 0.153, 0.04, 0.04, and 0.006% 

Cu. The heterogeneity with respect to copper was 

thus a property of the sheet as a whole, not con- 

ined to the surface, and not a result of electrolysis. 

(he new aluminum sheet was free from zine. There 

vas no evidence that the zine referred to in these 
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analyses had been left in the aluminum as the result 
of fracturing of a bond during the stripping process, 
but it seemed quite logical to conclude that, with 
long periods of interfacial contact, diffusion could 
take place. 

Four surfaces of zine electrodeposit were scraped 
on the adhering side and analyzed for aluminum. 
Results are summarized in Table III. 

While commercial plant cathodes appeared to 
leave more aluminum on the zine face when stripping 
was relatively easy, this was not confirmed by 
pilot plant tests. It is believed that the presence of 
aluminum on the surface of the zine can be at- 
tributed to the fracture of the bond in the aluminum 
sheet as observed in microscopic examinations re- 
ported above. It is unlikely that very much diffusion 
would have taken place during the plating period 
which was 72 hr in the case of sheets sampled for 
analysis of surface. More extensive sampling and 
analysis is required to provide a rational explana- 
tion on the basis of chemical analysis. 


CONCLUSION 
The mechanism of adherence of a zine electro- 


deposit to an aluminum cathode is more plausibly 
explained in terms of attachment at a varying 


number of electrochemically active spots than by: 


a concept of mechanical anchoring under ledges and 


crevices. 
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ABSTRACT 


When zine orthophosphate and cadmium orthophosphate mixtures are activated by 
manganese and fired at 850°C, phosphors are obtained whose luminescence is not a linear 
function of the mole proportions of the initial ingredients. The peak emission vs. com 
position curve shows several abrupt breaks which correspond to abrupt phase changes 
as determined by x-ray diffra*tion analysis 


INTRODUCTION 

Luminescence of end members of the system 
8 Zng(PO,)2-Cd;(PO,), has been described by 
Smith (1), Andrews (2), and Kroeger (3). Color of 
the luminescence of zinc orthophosphate : manganese 
may vary from green to red, depending on manga- 
nese content and firing temperature (1). Cadmium 
orthophosphate:manganese was erroneously _ re- 
ported by Andrews (2) to have a red emission, but 
Kroeger (3) correctly described its emission as 
yellow. Although double activation of the cadmium 
salt by lead and manganese causes greater phos- 
phorescence than that obtained by simple man- 
ganese activation, the yellow emission remains 
unaltered (4). MceKeag (5) and MceKeag and 
Randall (6) found that when halides in almost any 
form are added to cadmium orthophosphate, new 
compound formation occurs and structures of the 
type Cd;(PO,4)o:MXe result; halide fluxes cannot 
be used, therefore, without altering internal com- 
position to some extent. 

Andrews (2) prepared a zine-cadmium ortho- 
phosphate containing equal weights of zine and 
cadmium orthophosphates. If the possible use of 
hydrates is neglected, this mixture corresponds to 
approximately 40 mole % zine orthophosphate. 
The mixture was fused ‘‘at full red heat for 15-20 
min and poured onto a cold soapstone. The fluores 
cence under the iron spark is a light pink, and its 
phosphorescence is a deep red, resembling hot 
coals, and fairly persistent” (2). 


PREPARATION 
Zine orthophosphate dihydrate was prepared as 
previously described (1). Cadmium orthophosphate 
‘Manuscript received July 6, 1953. This paper was 


prepared for delivery before the New York Meeting, April 
12 to 16, 1953 
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Was prepared in a similar manner: disodium hydroge 
phosphate was added to a cadmium sulfate solutio; 
the precipitate was filtered, then dried at 160% 
The material thus obtained was a_ tetrahydrat 
Cd,(PO,4).-4H.O, the x-ray diffraction pattern 0) 
which agreed with the A.S.T.M. card index labeled 
“Cd;(PO,)2” (7). Firing the hydrate at 650° 
converts it to the anhydrous form, the x-ray diffra 
tion pattern of which is given in Table I. A step 
by-step dehydration occurs and some intermediat: 
hydrate is formed; composition and stability rang 
of this hydrate, however, were not determined 

In preparation of the phosphors, a water slurry 
of individual phosphates in proper molar ratio was 
ball-milled together with the requisite proportio! 
of manganous sulfate for about 14 hr, then evapo 
rated to dryness at 160°C. Equivalent results wer 
obtained by coprecipitation of —zinc-cadmium 
manganese phosphates, but preparation of various 
zine-to-cadmium ratios by ball-milling technique: 
was more convenient. After evaporation, samples 
were placed in quartz vessels and fired either at 
650° or 875°C in air for two 1-hr periods. Samples 
were lightly ground between firings to promot 
homogeneity. 


TESTING OF PHOSPHORS 


X-ray diffraction analyses were made with nick 
filtered radiation from a copper target tube operated 
at 40 kv and 15 ma. Samples were rotated within 
circular camera 14.32 cm in diameter. 

Cathodoluminescent efficiencies and emissto! 
spectra were determined by use of a defocused 
electron beam having a current density of 1.5ua/¢m 
and an accelerating potential of 8000 volts. Peas 
efficiencies and spectral distributions of energy wert 
measured by means of the spectroradiometer ant 
the method described by Hardy (8). 
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TABL): L. Diffraction data for anhydrous Cd;(PQ,)2 


Lat spacing (d-) A Estimated relative intensity 


1.3 0.80 
1.0 0.40 
3.8 0.40 
3.42 1.00 
3.35 0.80 
3.29 1.00 
215 0.30 
3.06 0.35 
2.95 1.00 
2.89 0.20 
2.82 0.30 
2 65 0.90 
2.59 0.70 
2.50 0.30 
2.43 0.90 
2.30 0.10 
2.15 0.20 
2.10 0.20 
2.02 0.20 
1.97 0.35 
1.92 0.35 
1.87 0.20 
1.84 0.20 
1.77 0.20 
1.70 0.25 
1.65 0.15 
1.59 0.25 
1.57 0.15 
1.54 0.10 
1.51 0.20 
1.47 0.10 
1.435 0.30 
1.402 0.10 
1.390 0.20 
1.360 0.20 
1.265 : 0.20 
1.235 0.20 
1.220 0.20 
1.210 0.20 
1.140 0.30 
0.990 0.30 


RESULTS AND DISCUSSION 


\ number of binary phosphor systems are known 
) which the peak wave length of emission shifts in a 
regular manner with change in composition. Before 
this study was undertaken, it was assumed that the 
ine-cadmium orthophosphate:manganese system 
vould also exhibit a simple shift of color from the 
‘ight red of zine orthophosphate to the deep yellow 
of cadmium orthophosphate. Such a simple shift 
does not occur, however, as can be seen in Fig. 1, 
i Which the peak wave length of emission is plotted 
vs. the mole per cent concentration of cadmium 
phosphate. Each rectangular box shown on the 
graph indicates relative variance obtained from a 
particular composition. Included within the rec- 


tangle 


are values obtained from manganese-con- 


eenty 


on tests, firing-temperature studies, and 
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Fic. 1. Peak wave length, in A, of emission as a function 
of composition in the system 8B Zn3(PO,4)s-Cds(PO,4)o:Mn. 


repetitive runs. Variances between repetitive runs 
were as great as those from processing variables, 
hence all values are grouped as a single unit. 

Effect of manganese concentration.—As in zinc 
orthophosphate (1), concentrations of manganese 
between 2 and 5% did not change the position of 
the peak of emission. Since this investigation was 
concerned primarily with 8 Zn;(PO,)., concentra- 
tions below 2 mole % manganese were not tested 
systematically. This procedure was followed to 
insure the presence of only 8 Zn;(PO,)2, for it has 
been established that lower manganese content 
gives rise to a Zn3(PO,). (1). Only one spot check 
of 0.5 mole % manganese was made at the 50-50 
composition. Although the efficiency of this sample 
was low, all other properties were similar to those 
of samples of higher manganese content. It was 
also found that x-ray diffraction patterns of pure 
cadmium orthophosphate containing as much as 5 
mole % manganese were identical with those 
without added manganese. This result indicates that 
cadmium orthophosphate does not display a phase 
change upon addition of manganese as does the 
zine analogue. 

Effect of firing temperature.— Although the majority 
of tests were conducted at 875°C, several runs were 
made at 650°C to determine whether phase changes 
due to temperature would occur. Except in the 100 
to 90 mole % zine region, where the expected a to 8 
shift occurred, no other phase change was found 
which was due solely to temperature. A possible 
trend toward shorter wave lengths was found at 
the 650° firing temperature and toward longer wave 
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lengths for the 875°C firing temperature, but it was 
quite indefinite. Efficiencies were about 20% better, 
however, at the 875° value, and it was for this 
reason that the majority of tests were made at that 
temperature. 

Since results involving activator concentration and 
firing temperature showed no greater variances 
than did those between repetitive runs, they were 
included in the make-up of Fig. 1. The 650° values 
at high zine concentrations were omitted, however, 
because it was obvious that the a form of zine 
phosphate was present. Each series tended to give a 
slightly different curve, but the over-all shape of the 
curve and position of the breaks were substantially 
unchanged, the only difference being one of slight 
magnitude. The plot is a very sensitive one, so that 
small errors in measurement or preparation appear 
magnified. 

big. 2 shows spectral energy distribution curves 
for 8 Zn3(POge: Mn, Cd;(PO,y)e: Mn, and a 50-50 
mole ratio of the two substances. The curve of the 
50-50 composition is symmetrical, without the hint 
of a double peak. This symmetry is evident in all 
other ratios as well. As the cadmium content is 
increased, the curve remains relatively narrow until 
a content of 20 mole “% is reached. The curve broad- 
ens rather abruptly at about the same concentra 
tion at which emission starts to shift toward deep 
red, and remains relatively unchanged for all con- 
centrations up to pure Cd;(PO,)+. This fact is 
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Fic. 2. Spectral energy distribution curves of the phos 
phors [Zn3(PO,)2:Cds(PO,4)2|:0.05 Mn, 8 Zn3(PO,y).:Mn, and 


Cd,(PO4).:Mn 
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especially interesting because x-ray diffractio 
patterns indicate that pure phases are present 2! \ 
only a few points, all other points showing mixed ort! 


a (see Fig. 3). It might be assumed tha! 
vach phase would have its own peak of emission and 
with two phases present, either a double peak would 
he seen or the curve would be quite broad. Why thr 
does not occur is not known. 
Fig. 4 shows rather rapid decrease in peak efi 


ciency as cadmium content is increased (preparatio! 
at 875°). At concentrations of about 40 or 50 mole | 
cadmium orthophosphate, the efficiency cur’ 
flattens to a value of about 40% of that of 

Zn3(PO,4)>. The efficiency remains at that value wn 
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wy% Cd POg)s is reached, at which point it rises to 
“i % of ( d3(PO4)2 itself. 

From pure zine orthophosphate to compositions 
‘ith up to 17.5 mole % cadmium orthophosphate, 
the structure is essentially that of 6 Zn3(PO,)o: Mn 
oe Fig. 3). At about the latter value a very abrupt 


phase change oceurs which corresponds quite 
closely to the abrupt shift in peak of the emission 
ae ig. 1). The first phase, A, is of very narrow 
omposition. At concentrations of 20 mole % 
admium orthophosphate another apparently pure 
ohase, B, appears; this phase persists through con- 
eptrations having 50 mole % cadmium ortho- 
phosphate. Somewhere in the 50 mole % region a C 
phase is also found, but it could not be isolated. The 
)) phase begins at concentrations of about 70 mole 

cadmium orthophosphate and continues to con- 
%; the D phase is 
contaminated in small portion by the # phase at 
concentrations of about 85 mole %. The D phase 


ventrations of about 90 mole 


disappears at concentrations of 90 mole %, but 
mother phase, F, is then found with the # phase. 
(he E form could not be isolated; the appearance of 
the £ form is coincident with another sharp break in 
the peak of the emission curve. At concentrations of 
“5 mole % cadmium orthophosphate, the F form is 
found together with normal cadium orthophosphate. 
\o pure cadmium orthophosphate phase is present 
the composition made with as much as 90 mole % 
idmium phosphate. 
Chloro-complexes of some of these phases are of 
terest. At and above 87.5 mole % cadmium composi- 
tion, chloro-complexes were formed having emission 
md x-ray diffraction patterns essentially identical 
th those published by MeKeag and Randall (6). 
\tand below 20 mole % cadmium composition, emis- 
sions and patterns were distorted y Zn3(PO,)> (1). 
Between these limits, however, no complexes were 
iormed; the added chloride acted only as a ‘‘mineral- 
er’ promoting crystal growth and did not affect 
emission or x-ray diffraction patterns. 


CONCLUSIONS 


When 8 zine orthophosphate and cadmium 
orthophosphate mixtures are activated by man- 
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ganese and fired at 875°C, phosphors are obtained 
whose luminescence is not a linear function of the 
mole proportions of the initial ingredients. The 
peak emission vs. composition curve shows several 
abrupt breaks, which correspond to abrupt phase 
changes as determined by x-ray diffraction analysis. 
There are probably six phases present in the 8 zine 
orthophosphate-cadmium orthophosphate system, 
some of which are partially intersoluble. Three of 
these phases could be isolated, but the other three 
could not, even though only fractional percentage 
changes were made in regions where these composi- 
tions were thought to lie. Only two of the abrupt 
phase changes manifested themseives as abrupt 
changes in luminescence; the other variations 
showed only what would be expected from simpie 
solid solutions. The unusual feature of these mix- 
tures is that more abrupt changes in emission were 
not observed in the light of complex phase changes 
indicated by x-ray analyses. Lack of abrupt emis- 
sion changes implies that the activator center was 
not altered radically by these phase changes, but 
rather was influenced in a very gradual manner. 
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Sensitized Luminescence of CaF ;(Ce + Mn): 


R. J. Gintoer 
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ABSTRACT 


Calcium fluoride activated by cerium and manganese is shown to be a sensitized 
phosphor of high quantum efficiency. Studies of its reflection and excitation spectrum 
reveal that both cerium singlets and aggregates of cerium ions serve as sensitizers for 





manganese. The range of interaction (K) over which energy may be transferred from 
sensitizer to activator was found to be from 30 to 80 lattice sites. Variation in K with in- 
creasing sensitizer and constant manganese concentration is interpreted as being due to 
the competition of two types of sensitizing centers rather than to an energy transfer 


between sensitizer ions. 


INTRODUCTION 


The sensitized luminescence of manganese- 
activated phosphors has been the subject of nu- 
merous investigations. While a number of sensitized 
systems of simple structure, principally alkali 
halides (1) and calcite (2), are known, the most 
recent investigations have been concerned with 
compounds of more complicated structure such as 
CaSiO;:(Pb + Mn) (3), Sr3(PO,)2:(Sn + Mn), 
Ca;(PO,)2:(Ce + Mn) (4), and 3Ca;(PO,)2CaFCI: 
(Sb + Mn) (5). Although the interest in the more 
complicated systems originated largely in their 
practical application, it is from these phosphors 
that the most recent information concerning the 
mechanism of energy transfer and the range of 
sensitizer-activator interaction has been derived 
(6, 7, 8). Alkali halides and calcite, either for reasons 
of low activator or sensitizer solubility or because 
of poor luminescence efficiency, are not well adapted 
to the detailed investigation of the transfer mecha- 
nism and range. 

Calcium fluoride is a compound of simple structure 
which has high solubility for both sensitizer and 
activator permitting preparation of efficient phosphor 
samples over a wide range of concentrations. It 
therefore appears to be ideally suited for the in- 
vestigation of sensitized luminescence. 


EXPERIMENTAL Metuops AND RESULTS 
Preparation and Identification of Samples 


No commercially available raw materials were 
found satisfactory for preparation of the phosphors 
studied. Although calcium and manganous fluorides 
sufficiently free of heavy metals were available, all 
samples of these materials were partially hydrolyzed, 
leading to oxidation of the manganese activator upon 

'‘ Manuscript received October 2, 1953. This paper was 


prepared for delivery before the New York Meeting, April 
12 to 16, 1953 


firing. Some samples of calcium fluoride contained 
sufficient calcium hydroxide to produce a separat: 
manganese-activated calcium oxide phase po 
firing phosphor samples prepared from them. 

A satisfactory calcium fluoride raw material ¢q; 
be prepared from calcium carbonate and _ hydro. 
fluoric acid. When 25.0 grams of CaCO, are added 
to a solution of 25.0 ml of 48% HF in 250 ml oj 
water, the calcium fluoride produced settles rapid) 
and may be washed by decantation. When dried «: 
low temperature, preferably in vacuo, it suffers little 
or no hydrolysis, and samples will nearly complete) 
disappear in a liquid of refractive index 1.43} 
The effect of using more concentrated acid is 
produce finer particles of calcium fluoride which ¢ 
not settle well, are more difficult to wash, and 
apparently are more susceptible to hydrolysis 
Samples prepared from concentrated acid will not 
disappear in the refractive index medium mentioned 
above presumably because of the presence of ai 
extra hydrolyzed phase. Of commercially available 
valcium fluoride, only optical quality crystals, 
either natural or synthetic, would meet the above 
described immersion test. 

Cerous fluoride was prepared by a rather com- 
plicated procedure. Cerous nitrate solution was 
purified first with H.S, then with ammonium 
sulfide in an alkaline solution of ammonium tartrat 
Next, cerous oxalate was precipitated and washed 
The oxalate was then dissolved in nitric acid; th 
solution was reduced with hydrogen peroxide, the: 
the fluoride was precipitated with hydrofluoric acid 
No attempt was made to separate other rare earth 
from cerium. 

The most satisfactory source of manganese prove! 
to be an ammonium manganous fluoride which | 
easily precipitated from manganous chloride solutio! 
with ammonium fluoride. The manganese content 0! 


this complex fluoride is somewhat variable; sumple 
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‘it prepared in this laboratory averaged about 


70.0% Mik. : 

While uminescent preparations can be made 
mply coprecipitation of the mixed fluorides 
and drying under an infrared lamp, the most 


ficient »hosphors were prepared by dry mixing 
‘he component fluorides and firing at 1000°-1200°C 

) an inert atmosphere. Most of the samples prepared 

this investigation were fired in platinum con- 
winers in helium or nitrogen at 1100°C. Inert gas 
vas purified by passage over hot copper and calcium 
pvdride. This firing technique produced samples 
sth as much as 20% Mn which were perfectly 
thite by reflected light and free of any observable 
ofects of manganese oxidation. No “‘skinning”’ of any 
sample was necessary. 

Representative samples were examined by x-ray 
diffraction. All samples had the fluorite structure. 
Manganese produced a contraction, and cerium 
» expansion of the crystal lattice, as one would 
expect. Only in samples containing 20% cerium 
‘as an extra unidentified line observed in the x-ray 
pattern. This line could not be correlated with 
any of the reported lines of any fluoride or oxide of 
alcium, cerium, or Manganese. 


Caleium Manganous Fluoride Phosphors 

Many references to natural luminescent fluorite 
ntaining manganese have been made. Emission 
olors are variously reported as green to yellow. 
Synthetic ~manganese-activated fluorite was _pre- 
pared by Wick (9), but no details of its emission 
spectrum were reported. Fig. 1 shows the cathode 
ray excited emission spectra of typical members 
of aseries prepared in this laboratory and containing 
irom 0.05 to 10.0 mole % Mn. Samples of from 
1.05% to 1.0% Mn have an emission peak at 4900 A.* 
With increasing manganese concentration, the emis- 
sion peak shifts to longer wave lengths. At 5.0% 
Mn the peak is at 5000 A, while the peak of a 10.0% 
Mn sample is at 5100 A. A sample containing 20.0% 
Mn was luminescent only at low temperature under 
cathode rays. None of the above described samples 
vas appreciably excited by ultraviolet in the wave 
ength range from 2200-4000, although a weak 
excitation band at 4000 A exists in these phosphors 
as Will be shown in a later section. 


Cak.(Ce) Phosphors 
Kroger and Bakker (10) have briefly investigated 
calcium fluoride activated by cerium. They report 


In concurrent work, Dr. Arthur L. Smith, of Radio 
‘orporation of America, located the emission peak of 


synthe fluorite contining 1.0% Mn at 4950 A. The reason 
lor the nor discrepancy between his and the present work 
8 not wn, but may possibly be due to differences in 
either 


materials or preparation technique employed. 
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Fic. 1. Emission spectra of CaF::(Mn) under cathode ray 
excitation 
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Fic. 2. Reflection spectra of CaF.: (Ce 


an absorption edge at 3000 A and an emission con- 
sisting of two peaks at 3100 A and 3300 A in a 
sample containing 1.0% Ce. In a sample containing 
10% Ce, a third emission peak between 3500 A and 
1000 A was observed. 

In the present work, samples of from 0.01 to 20.0 
mole % cerium were prepared. Absorption spectra 
of this series, as shown by the reflection curves of 
Fig. 2, are much more complicated than the simple 
edge described by Kroger and Bakker. At a con- 
centration of only 0.01% Ce, a single reflection 
minimum corresponding to an absorption band at 
3300 A is observed. With concentrations of from 
0.05% to 0.10%, only one additional minimum at 
3050 A is obtained. With concentrations of 0.50% Ce 
and higher, a band at about 2500 A appears. While 
the absorption band at 3050 A grows continuously 
with increasing cerium content, the band at 2500 A 
grows much more rapidly at the higher cerium 
concentrations. At 1.0% Ce the 2500 A and 3050 A 
reflection minima are about equal, while the 2500 A 
minimum is predominant at all higher cerium con- 
centrations. 

Reflections of more than 100% are obtained at 
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Fic. 3. Excitation spectra of CaF,: (Ce) for 3850 A emis- 
sion band. 


3200 A and in two peaks between 3400 A and 4000 A. 
Apparent reflections of over 100%, due to lumines- 
cent emission, are obtained whenever the reflection 
spectrum of a phosphor is measured with the sample 
exposed to the total spectrum of the hydrogen lamp 
at the monochromator entrance slit, as was done 
in the present work. 

Growth of the 3300 absorption band as a function 
of cerium concentration is obscured by the presence 
of the 3200 A and 3400 A emission peaks, while the 
growth of the 3050 A absorption band is accentuated 
by its superposition upon the tail of the 2500 A 
band. However, the presence of both the 3050 A 
and 3300 A bands in the sample containing only 
0.05% Ce indicates that both of these bands are 
due to cerium singlets. The appearance of the 2500 A 
band at only high concentrations of cerium and the 
rapid growth of this band relative to the singlet 
bands as a function of cerium concentration demon- 
strates that the shortest wave length absorption is 
due to cerium aggregates. For the present purpose, 
a cerium aggregate may be defined as consisting of 
at least two cerium ions whose proximity provides 
sufficient interaction to modify the absorption 
properties of the cerium center. The question of 
actual maximum separation of ions of an aggregate 
is left open. 

Excitation spectra of CaF,:(Ce) phosphors cannot 
be completely determined by the usual excitation 
measurement. The close proximity of the 3050 A 
absorption and the 3200 A emission bands as well 
as the proximity of the 3300 A absorption to the 
emission at about 3400 A prohibits the measurement 
of the excitation of the two short-wave emission 
bands by conventional methods. The technique of 
interposing filters between the phosphor sample 
and the phototube detector in order to separate the 
phosphor emission from light of the exciting wave 
length reflected from the sample surface could not 
be applied, since no filters could be found to effect 
the separation. The excitation spectrum for the 
3800 A emission was obtained in the usual manner 
by employing a Corning #5113 filter. 
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Fig. 3 represents the excitation specti for 4), 
3800 A emission band. At the lowest ce: um e,, 
centration a single sharp excitation peak .: 33 i 
is obtained. As the cerium concentraticy jg jy. 
creased, a second excitation peak at abou. 3070 | 
is observed. This latter peak grows relative to j), 
3300 A peak with increasing cerium conceitratio, 
At a concentration of 0.10% Ce, an excitation pea} 
at 2500 A is well defined, and this peak is the mo. 
prominent at all higher concentrations. The lati; 
excitation peak grows relative to the longer way, 
length excitation peaks with increasing cerjyy 
concentration, and its rapid growth at high ceriyy 
content is consistent with the interpretation thy: 
this peak is due to cerium aggregates. The grow) 
of the 3070 A peak relative to the 3300 A peak js 
not obviously in agreement with the assumptic; 
that both these absorption bands are due to ceri 
singlets. However, it will be shown in the ney 
section that the emission produced upon excitatioy 
in these two bands is not identical. Therefore. 
identical behavior in the growth of the two excita 
tion bands for only the 3800 A emission should not 
necessarily be expected. It may be observed that 
the 2500 A and 3070 A excitation bands overlap 
considerably for all cerium concentrations except the 
lowest three, and that the amount of overlap i) 
creases with increasing cerium content. 

Correction to equal energy of excitation was mac 
only in the wave length range 2500-4000 A; co 
sequently, decrease in excitation shown at wav 
lengths shorter than 2500 A is an exaggeration 0 
the true decrease. However, since the excitation peab 
at 2500 A coincides exactly with the absorption peak 
at this wave length, there can be little doubt that 
the peak is correctly located. 

In the behavior of aggregate certum ions as a! 
sorbers for 2500 A radiation may lie the explanatio: 
why relatively high cerium concentrations are neces 
sary for efficient excitation of other cerium-activated 
phosphors by 2537 A radiation. 

Since excitation spectra for all three emissio 
bands could not be determined, information co! 
cerning the emission associated with the individua 
absorption bands was obtained by measuring thi 
emission spectra of the phosphors with mor 
chromatic exciting radiation in each of the thre 
absorption bands. Exciting light was rendered mono 
chromatic by passage through two quartz mone 
chromators in series. Emission spectra were the! 
recorded with a spectroradiometer in the conve! 
tional manner. For excitation in the 2500 A band 
2537 A radiation was employed, while for excitatio 
in the 3070 A band, the 2967 A mercury line was used 
The source of these mercury lines was an H-! typ 


mercury burner enclosed in a quartz envelope. For 
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Fig. 4. Emission spectra of CaF,: (Ce) 


24) \ excitation, a band about 100 A wide centered 
at the desired wave length was selected from the 
sectrum of either an AH-6 water-cooled mercury 
amp or from a Xenon are lamp. Emission spectra of 
all samples of the series were similar under any 
particular type of excitation. The emission of 
samples re 0.10% Ce and 1.0% Ce are 
shown in Fig. 4. Under 3300 A exe itation, an emis- 
sion consisting - a single peak at 3850 A is obtained 
from the 1.0% Ce sample, while the emission of the 
(10% Ce sample shows resolution with a second 
peak at about 3650 A. With both 2537 A and 
47 A excitation, emission peaks at 3200 A and 
450 A, as well as the 3850 A peak, are observed. 
Minor variations in both peak positions and in 
their relative intensities were obtained as a function 
of cerium concentration, but emission spectra 
shown are typical for all members of the series. 
lt can be observed with reference to Fig. 3 that 
excitation with 2967 A radiation will result in 
absorption in both singlet and in aggregate cerium 
enters because of the overlap of the absorption 
bands of these centers at high cerium concentration. 
However, for cerium concentrations of 0.50% and 
wer, the overlap at 2967 A is insignificant so that 
tcan be stated with certainty that absorption in 
both the 3050 A and 2500 A bands produces all 


three emission peaks. 
CaF .:(Ce + Mn) Phosphors 


While caletum fluoride activated separately by 
erium and by manganese has been previously 
prepared, no sensitized combination of these two 
activators in fluorite seems to have been reported. 
ln the present investigation, sensitized luminescence 
vas Observed in samples containing from 0.01% to 
0% Ce and 0.05% to 20.0% Mn. Optimum con- 
centration for 2537 A excitation was found to be in 
the region of 1.0% to 10.0% of both cerium and 
manga se, 

Reflection Spectra 

‘eflection spectra of sensitized phosphors are 

‘imilar to those of phosphors containing only 
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Fic. 5. Reflection spectra of CaF.:(5.0% Mn, varying 
Ce). 


cerium. Fig. 5 shows the reflection spectra of a series 
of samples of 5.0% Mn and of varying cerium con- 
centration. The three absorption bands found are 
located at the same wave lengths as in phosphors 
activated by cerium alone. The only distinguishing 
difference between the data of Fig. 5 and the reflec- 
tion spectra of CaF.:(Ce) phosphors is the smaller 
amount of ultraviolet emission obtained from phos- 
phors containing manganese. Ultraviolet emission 
of these phosphors is depressed by transfer of energy 
to manganese, resulting in visible emission. 

Reflection spectra of another series of phosphors 
of the same cerium contents but of 0.50% Mn were 
found to be identical with those of the 5.0% Mn 
phosphors except for the magnitude of the ultra- 
violet emission. The reflection spectra of two series 
of samples of constant cerium concentration but of 
varying manganese content from 0.05% to 20.0% 
were also determined. For samples of both 0.10% 
Ce and 1.0% Ce, reflection spectra were independent 
of manganese concentration, except in regard to 
the magnitude of the ultraviolet emission. It may, 
therefore, be concuded that no new absorption 
bands are introduceld by the presence of cerium + 
manganese pairs. In this respect, the sensitized 
calcium fluoride phosphor resembles most sensitized 
phosphors whose absorption spectra have been inves- 
tigated. Notably, it differs from CaSiO;:(Pb + Mn) 
in which Pb + Mn pairs appear to have a discrete 
absorption (7). 


Excitation of Ce Emission 


Excitation spectra for the 3850 A- peaked ultra- 
violet emission of the CaF.:5% Mn, Ce phosphors 
are shown in Fig. 6. Again, correction to equal 
energy of excitation was made only to 2500 A. 
For all samples, the excitation peak in the region of 
3300 A is predominant. Poor sensitization of man- 
ganese should, therefore, be obtained at this wave 
length. The rapid growth of a 2500 A excitation 
band due to cerium aggregates is not demon- 
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Fic. 6. Exeitation spectra for 3850 A emission band 
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strated in these curves. This growth should not be — 
expected if good sensitization of manganese occurs Minor differences occurred in the relative heigh sample 
in this band. In none of the samples is the 3050 A of the three emission bands of some samples, }y; we 
excitation band well resolved, indicating that good no regular variation of peak intensities was found yaee 
sensitization should occur at this wave length. as a function of cerium concentration. 7 
Excitation spectra for ultraviolet emission ob- A more significant variation of ultraviolet eni. 7" 
tained with other phosphor series were in agreement sion spectra of phosphors of constant cerium by 
with the data for the series illustrated. A series varying Manganese concentration was obtained. \: 
containing constant 0.50% Mn and varying cerium shown in Fig. 7 the 3800 A emission of samples oi ma 
concentrations showed the 2500 A and 3050 A 1.0% Ce is depressed relative to two short-way -_" 
bands in greater intensity relative to the 3000 A emission bands with increasing manganese co - 
band than was obtained with the 5.0% Mn series. centration. At a concentration of 5.0% Mn, thy . 
Since at lower manganese concentration the oppor- 3800 A band is no longer distinguishable. Emissio " 
tunity for energy transfer and emission from man- spectra shown were obtained with 2967 A excitatio es 
ganese is lower than in the phosphors of 5.0% Mn, Results with 2537 A excitation were similar on: 
excitation spectra should more nearly resemble the ar , Dig Pi we 
data obtained for CaF,:(Ce) phosphors. Measure- Excitation Spectra of Manganese Emission engl 
ments on phosphors of constant cerium but of vary- Excitation spectra of the manganese emissio Ry 
ing Manganese concentrations gave results also in of a series of samples with 5.0% Mn are shown nae 
agreement with data reported above. With 0.10% Fig. 8. As expected, poor excitatton occurs in thi ae 
Ce and low manganese concentration, strong ultra- 3300 A band. All samples have a strong excitatio a: 
violet excitation peaks at 3050 A and 3300 A are at 3050 A. while the 2500 A band grows relative | Ws 
obtained. As manganese is increased, the 3050 A peak the 3050 A band with increasing cerium content ‘a 
is suppressed. With 1.0% Ce present, excitation agreement with the assumption that it is due | we 
peaks at 2500 A, 3050 A, and 3300 A are obtained aggregated cerium ions. While aggregates ol it 
with low manganese content. As the manganese tivators are recognized as luminescent centers a 
concentration of this series is increased, the two short 
wave length peaks are reduced relative to the 3300 A o ee PAN J 
peak, indicating efficient sensitization of manganese ol PAS =i ‘s 
in both the short wave length absorption bands. S nw jf YO Sy Los ment hy-t 
= 60 / : s #/> 1 pete tt 
Ultraviolet Emission Spectra “ 50} 
Ultraviolet emission spectra of Mn-activated = > 
CaF,.:Ce phosphors varied very little as a function » 
of cerium concentration. As in the case of the 10h 
phosphors activated with cerium alone, three emis- ad BEBE ine ew wee 
sion peaks were obtained with either 2537 A or \ IN ANGSTROMS | 
2967 A excitation, but only a single peak at about Fic. 8. Excitation spectra for manganese emission 


3800 A was obtained with excitation at 3300 A. CaF,:(5.0% Mn, varying Ce). 
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rig. 9. Manganese emission spectra of CaF: (5.0% Mn, 
varving Ce) under monochromatic 2537 A excitation. 


many systems, no previous evidence for the behavior 
oi aggregated ions as sensitizers for manganese ap- 
years to have been reported. The very slight rise in 
«citation at 4000 A is real. From measurements on 
samples of varying manganese content it was found 
that this band peaks at about 4000 A and is de- 
pendent on Manganese, not upon cerium, concen- 
iation. It is apparently due to a weak manganese 
hsorption band. 


Manganese Emission Spectra 


Manganese emission spectra under optical ex- 
tation were obtained with monochromatic ex- 
citation from the double monochromator arrange- 
ment mentioned earlier. Since the excitation energy 
iilable at 2537 A is very low with this arrange- 
ment, a 1P21 photomultiplier tube was used as the 
letector in the spectroradiometer. Use of this tube 
prevented reliable calibration of the system at wave 

ugths longer than 6000 A. 

Emission spectra of a series of samples of 5.0% 
Mn and of varying Ce concentration obtained with 
237 A excitation is shown in Fig. 9. Increasing 
eum content shifts the emission to longer wave 
engths. A shift from 5150 A to 5550 A in the emis- 
‘ion peak is obtained upon a cerium concentration 
urease from 0.10% to 20.0%. Emission spectra of 
samples containing less than 0.10% Ce could not be 
tained with 2537 A excitation because of the low 
oncentration of cerium aggregates in these samples. 


TABLE I. CaF.:5.0% Mn—2587 A excitation 


| 


: 5 
Ci QECe | QE Mn | Totalge |p = 2EM | § 
OEC e | 

0.01 0.44 5.1 5.5 11.6 | 49.3 
0.05 1.8 20.9 22.7 11.6 | 49.3 
0.10 3.0 32.7 35.7 10.9 | 48.2 
0.50) 7.5 87.7 95.2 11.7 | 49.5 
1.0 7.4 75.9 83.3 10.2 17.0 
5.0 6.8 82.6 89.4 12.1 50.1 
10.0 7.0 87.7 4.7 12.5 50.7 
at) .( 7.1 76.7 83.8 10.8 18.1 
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TABLE II. CaF.:5.0% Mn—2967 A excitation 


% Ce QECe | QEMn | Totalge |p= EMA x 
QECe 

0.01 9.0 39.6 18.6 1.4 32.8 
0.05 12.5 58.8 71.3 1.7 33.9 
0.10 14.5 68.3 82.8 1.7 33.9 
0.50 10.4 62.0 72.4 6.0 

1.0 9.2 60.7 69.9 6.6 

5.0 7.0 66.6 73.6 9.4 

10.0 7.1 72.8 79.9 10.2 
20.0 6.3 62.2 68.5 9.8 


Only manganese ions coupled to aggregated 
cerium absorbing centers are excited by 2537 A. 
Different emission spectra were obtained upon 
excitation in the 3050 A absorption band of cerium 
singlets and upon excitation with cathode rays. 
Further details of the emission spectra of these 
phosphors will be reported in a separate publication. 


Quantum Efficiency 


Quantum efficiencies of two series of phosphors 
were measured by a method similar to that de- 
scribed by Kroger (11). Separation of the cerium 
and manganese emissions was made with filters. 
Corning #5970 was employed for the ultraviolet 
measurement and Corning #3387 was used for the 
visible emission. Details of the method of measure- 
ment will be reported separately. 

Quantum efficiencies of samples containing either 
5.0% Mn or 0.50% Mn and 0.01 % to 20.0% Ce are 
shown in columns 2, 3, and 4 of Tables I, I, III, 
and IV. Samples of lower manganese content could 
not be measured with any accuracy. Total quantum 
efficiencies as high as 95% were obtained with 
some samples of 5.0% Mn, while the maximum 
total quantum efficiency obtained with samples of 
0.50% Mn was about 82%. The tables indicate that 
high transfer efficiency, evidenced by high quantum 
efficiency for manganese emission, is obtained when 
the 5.0% Mn phosphors are excited in either the 
absorption band of cerium singlets orin the aggregated 
cerium absorption band. 


TABLE III. CaF.:0.50% Mn—2537 A excitation 


5 j 

% Ce QE Ce QE Mn Total QE |B = once K 

0.05 | 1.8 0.63 2.4 0.35 | 59.2 
0.10 8.6 3.6 12.2 0.42 69.2 
0.50 | 58.0 19.5 77.5 0.34 | 57.8 
1.0 62.8 19.6 82.4 0.31 53.3 
5.0 $1.4 18.7 60.1 0.45 73.4 
10.0 38.2 20.0 58.2 0.52 $2.6 
20.0 17.8 19.0 66.8 0.40 66.4 
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TABLE IV. CaF::0.50% Mn—2967 A excitation 


5 

a 1 2. 3 oe . QEMn 6 

o Ce QE Ce QE Mn Fotal QE 6B = ORC. 

0.05 40 .2 6.8 47.0 0.17 31.0 
0.10 59.5 11.9 71.4 0.20 36.0 
0.50 61.7 15.8 77.5 0.26 

1.0 61.9 18.1 80.0 0.29 

5.0 38.2 | 18.2 56.4 0.48 

10.0 36.0 16.4 52.4 0.46 
20.0 41.8 15.0 56.8 0.36 


DISCUSSION 

Several explanations of the phenomenon of 
sensitized luminescence have been proposed. These 
explanations have been reviewed by Botden (8). 
Since some of the mechanisms had been disproved 
on the basis of experimental evidence, Botden was 
concerned with the evaluation of three theories. 

The first theory attributes transport of energy 
from sensitizer to activator to a so-called long wave 
exciton of the base lattice. The optical absorption 
of this exciton is assumed to be forbidden so that its 
existence is not normally recognized. This mecha- 
nism was suggested but not indorsed by Botden and 
Kroger (6). 

A second theory proposed by Botden and Kroger 
ascribes excitation of the manganese activator to a 
direct transfer of energy between neighboring 
sensitizer and activator. Transfer between only 
nearest neighbor “pairs’’ of activators and sen- 
sitizers is assumed possible. To account for the 
high transfer efficiency existing in efficient phos- 
phors, Botden and Kroger assumed that there is a 
preferential production of activator-sensitizer pairs 
in the phosphor synthesis. These authors also suggest 
that an excited sensitizer ion may transfer its energy 
to a neighboring sensitizer ion and hence to an 
activator, in order to account for the high transfer 
efficiency observed. 

The third theory is that of Schulman (7) who 
proposed that energy is transferred from sensitizer 
to activator over distances greater than those 
separating only nearest neighbor pairs. From 
measurements of the absorption spectra of CaSiO,: 
(Pb + Mn), Schulman concluded that transfer from 
an excited lead ion could take place to about the 
nearest 28 manganese ions. 

Botden’s critical evaluation of the three theories 
was based upon their predictions of the dependence 
of the ratio 


~— quantum efficiency of manganese emission 
quantum efficiency of sensitizer emission 


upon the sensitizer concentration at constant 
manganese concentration. He demonstrated that 





May 1954 


the first two theories predicted a decreas: iy RB With 
increasing sensitizer concentration, w! 
third theory predicted no dependence . RB Upon 
sensitizer content. Botden found experim« tally that 
in the systems Ca;(PO4)2:(Ce + Mn), -r,(Pq,), 
(Sn + Mn), CasP,07:(Sn + Mn), MgoP.0,:(( 4 
Th + Mn) (12), and 3Cas(PO,)e-CaF: (Sh + yy, 
that B increased with increasing sensitizer concent, 
tion in disagreement with all three theories. ‘lherefyy, 
he concluded that all three were either i: correct op 
incomplete. He further demonstrated that y 
extension of Schulman’s explanation which include 
the transfer of energy from sensitizer to activaty 
via other sensitizer ions would account for thy 
dependence of B upon sensitizer concentration, [Ij 
calculation of K (the number of cation sites gy. 
rounding an excited sensitizer to any one of whic 
energy may be transferred if it is occupied by 
activator) gave values from 26 to 50 in agreemey 
with the value obtained by Schulman. 

Values of B, the ratio of manganese to cerium 
quantum efficiencies, for both 2537 A and 2967 | 
excitation are shown in column 5, Tables I, II, III. 
and IV. Under 2537 A excitation, there is no ip. 
crease of B with increasing cerium concentration 
This is obviously apparent from data of the series of 
samples containing 5.0% Mn. While data of the 
samples containing 0.50% Mn show some scatter 
because of poorer precision in the measurement of 
these less efficient samples, nothing resembling a real 
increase in B with cerium content can be observed 
With 2967 A excitation, a constant B is obtained up 
to a concentration of 0.10% Ce in the 5.0% M 
phosphors. Less data at low cerium concentratio: 
are available for the 0.50% Mn concentration, but, 
for this manganese concentration as well, B can be 
interpreted as constant up to 0.10% Ce. At cor 
centrations of 0.50% Ce and greater, B increases 
with increasing Ce concentration under 2967 A 1 
agreement with the results of Botden. 

The behavior of CaF.:(Ce + Mn) suggests « 
explanation of the dependence of B upon cenum 
concentration which does not involve transfer ( 
energy between sensitizers. 


TAS the 


A dependence of B upon sensitizer concentration ! 
the absence of any sensitizer to sensitizer transit 
can be expected in a system in which: (a) two species 
of sensitizers with different transfer ranges (A 
exist; (b) the species of sensitizer with the greate' 
transfer range is favored by an increase in sensitize’ 
concentration; (c) the excitation energy is shared by 
the two sensitizer species. As the sensitizer conce!- 
tration is increased, more of the excitation enert! 
is absorbed by sensitizing centers with the grealt! 
transfer range. The increased transfer range of the 
system makes manganese emission more probable 
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with respect to sensitizer emission since the excited 
opsitizers have an opportunity to transfer energy 
)y actival or centers situated at greater distances from 
he sensitizer. Therefore, the ratio B will increase 
with increasing sensitizer content. 


Sensilized System 


in order to conclude that the foregoing mechanism 
takes place in a sensitized system it is necessary to 
jemonstrate that: 

|. Two species of sensitizer centers exist in the 
astem with one type favored at higher sensitizer 
concentrations, 

) No sensitizer-to-sensitizer transfer takes place 
vhen each type of center is excited separately. 
Evidence for this must be no dependence of B upon 
eysitizer concentration when the centers are 
separately excited. 

3. The sensitizer species favored at high sensitizer 
concentration must have a greater transfer range (K). 

| An inerease of B is obtained with increasing 
vnsitizer content when the excitation energy is 
shared by the two types of absorbing centers. 

An examination of the data obtained from 
CaF.:(Ce + Mn) reveals that this system meets all 
four specifications listed. 

|. Both reflection and excitation data demon- 
strate that two types of sensitizer species exist with 
different absorption and excitation bands. The 
3050 A and 3300 A bands appear at low cerium 
oncentrations, while the 2500 A band is created 
only at higher cerium contents and grows relative to 
the long wave length bands with increasing cerium 
concentration. The assignment of the long wave 
ength bands to cerium singlets and the 2500 A 
bands to aggregated cerium ions is an obvious 
designation. 

2. No increase in B is observed from the data of 
lables I and III under 2537 A. This indicates that 
0 sensitizer-to-sensitizer transfer occurs upon 
excitation in the aggregated cerium absorption 
hand. B inereases with cerium content under 
“07 A only in samples containing more than 0.10% 
Ve. From the excitation spectra of Fig. 6 and 8 it 
may be seen that considerable overlap of the singlet 
uid aggregate cerium excitation bands exists at 
“07 A in samples with concentrations of cerium 
higher than 0.10%. It is therefore only in the samples 
o 0.10% and lower cerium concentration that 
“iT A radiation excites only singlet cerium ab- 
“orbers. Within this concentration range no de- 
pendence of B upon cerium content is observed under 


LT heed . 
-" \ as well. It can therefore be concluded that 
0 evidence for a transfer of energy from sensitizer 


to sen ver exists. 


3. Tho transfer range of aggregated cerium ions is 
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greater than the range of cerium singlets. The transfer 
range K may be determined from the ratio B ac- 
cording to the relationship 


r K 
pupae X (1 — XMn) (I) 


in which X Mn is the mole fraction of manganese. 
The formula represents the ratio of the number of 
sensitizers having at least one manganous ion 
within the nearest K cation sites to the number of 
sensitizers not having a manganous ion within this 
range of lattice positions. No specification to denote 
either the presence or absence of sensitizer aggregates 
is needed in the formula since this specification would 
appear in both the numerator and denominator of 
the expression. In this relationship, radiationless 
transitions are neglected. The derivation of this ratio 


was made by Schulman (7) who related it to the 


ratio of Pb + Mn pair absorption to Pb singlet 
absorption in CaSiO;:(Pb + Mn). The relation of 
the same expression to B, the ratio of the quantum 
efficiencies of activator to sensitizer emission, was 
made by Botden (8), who concluded that its use is 
not justified for systems in which an energy transfer 
between sensitizers takes place. However, the 
demonstration that no sensitizer-to-sensitizer energy 
transfer takes place in calcium fluoride justifies the 
use of the formula with this system. Values of K 
calculated from the above formula are tabulated in 
column 6 of Tables I, II, III, and IV. The transfer 
range of singlet cerium sensitizers is found to be 
about 35, and good agreement is found in the data 
for both manganese concentrations. The value of K 
found for aggregate cerium sensitizers in the case of 
the 5.0% Mn samples is about 50, whereas in the 
case of 0.50% Mn the average value of K was found 
to be 66. 

+. An increase of B as a function of cerium con- 
centration is obtained when both the aggregate 
and singlet cerium sensitizers are simultaneously 
excited. It may be observed with reference to Fig. 6 
and 8 that because of the overlap of the aggregate 
and singlet cerium excitation bands at 2967 A, 
excitation energy of this wave length is shared by 
the two species of sensitizer ions. As the cerium 
concentration is increased, an increased number 
of sensitizer aggregates are formed, and the ratio of 
aggregates to singlets increases. Since aggregates 
have a greater transfer range than singlets, an 
increase in B is observed as a function of cerium 
concentration under 2967 A excitation. From excita- 
tion data, it appears that significant overlap of 
excitation bands occurs only at concentration of 
0.50% Ce and greater. An increase in B as a func- 
tion of cerium should be observed, therefore, only 
within this concentration range. The latter con- 
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clusion is corroborated by the data of Tables 
II and LV. 

No variation in K as a function of either man- 
ganese or cerium content is predicted by the deriva 
tion of equation (1). No variation of AK for singlet 
cerium sensitizers is obtained, nor is any variation 
of A for aggregate cerium sensitizers observed in the 
5.0% Mn series. In the samples of 0.50% Mn, the 
value of A for cerium aggregates shows a spread 
from 53.3 to 82.6. Since this spread is simply a 
scatter, not a regular function of the cerium content, 
it must be within the limits of experimental error 
for these samples. Better precision in the determina- 
tion of A at higher manganese concentrations is to be 
expected. Not only are samples of higher manganese 
concentration more easily reproducible since small 
errors In manganese content are less significant, 
but the value of K is a less sensitive function of B at 
the higher manganese content. At a value of K = 50, 
the slope of the curve of K vs. B has a value of 
about 150 for 0.50% Mn, whereas the slope of the 
curve for 5.0% Mn at the same value of K is only 
about 1.5. The values of the slope were calculated 
from 


dK —(1 — XMn)* 
dB In(l — XMn) 


Therefore, although it appears more desirable to 
calculate A from data obtained at high manganese 
content in order to obtain better precision, it is 
necessary to demonstrate that no sensitizer-to- 
sensitizer transfer exists at low manganese contents 
as well, for at high manganese contents, sensitizer- 
to-sensitizer transfer should not be expected since 
the probability that at least one of the K sites around 
a sensitizer ion is occupied by an activator is so 
great that energy transfer between sensitizers is 
improbable. The probability that at least one of the 
AK sites is occupied by an activator in a sample 
containing 5.0% Mn with K = 50 is 0.92. However, 
at a concentration of 0.50% Mn with the same 
values of K, the probability is only 0.22. Therefore, 
if sensitizer-to-sensitizer transfer existed in the 
calcium fluoride system, it would have appeared at 
the lower manganese concentration. 

From the determination of AK it may be con- 
cluded that the transfer range of aggregate cerium 
sensitizers is about 50% greater than that of cerium 
singlet centers. This is based on the value of K 
for cerium aggregates obtained at high manganese 
concentration, where the determination is made with 
better precision. 


Interpretations of Difference in K 


The simplest explanation of the higher value of K 
for cerkum aggregates might be based on the geometry 
of the phosphor system. A cerium aggregate could be 
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considered as consisting of a pair of sing 
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sensitizers whose fields of possible transfei sites Itho 
overlap. Sensitization of a manganous io Situy o 
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at any lattice site included in the overlap) ing § val 





could occur following absorption in either of qe” 
cerium ions of the aggregate. Transfer from ; _ 
more remote sensitizer to the activator could y 
place via the intermediate sensitizer. This prog 
would involve a limited type of sensitizer. 
sensitizer transfer which is restricted to ceriun ; 
constituting an aggregate. While this explana 
cannot be completely excluded, it is not particuly 
attractive. In regarding a cerium aggregate as q r 
of singlet sensitizers, absorption and excita 
properties which distinguish the aggregate coy 
from the singlet center are overlooked. Moreoy 
further evidence against this explanation may 
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derived from manganese emission spectra. Eywi 


: 2 : ‘ cient 
tion of cerium singlets produces a manganese ep; 


min 
sion situated at shorter wave lengths than dq 


al ee jistinet 
manganese emission observed upon excitation | 
cerium aggregates. According to the intermediy 


transfer scheme, the manganese emission spect 
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should be affected only by the cerium ion from whi Da 
it receives the transferred energy directly. Thgporetic 
would be particularly true if the separation betweifrgani 
cerium ions constituting an aggregate is greafiiny d 


than the distance between nearest cation neighbor 

A second interpretation of the difference in f 
for singlet and aggregate sensitizers is more plausi)} 
From the excitation data of Fig. 2 and 6, it may 
observed that the 3050 A and 3300 A excitati 
bands overlap at all cerium concentrations. It hs 


ay di 


the si 


been demonstrated that poor excitation of ma 
ganese occurs upon excitation in the 3300 A baa 
while efficient excitation takes place upon irradiatia 
at 3050 A. Obviously at all cerium contents tle 
excitation energy is shared by the two excited stale 





of the cerium singlet ion upon excitation at 207 4 
while it is only from the higher of these two state 
that efficient transfer can proceed. In the determi 
tion of B it is assumed that energy transfer is 20 
erned only by the consideration that a mangaves 
ion is situated sufficiently near to a sensitizer 
The probability that a sensitizer ion is in an excl 
state from which transfer can proceed is assumet| 
be unity. In the case of 2967 A excitation, ‘! 
probability is less than unity since the absor'e 
quantum can produce excitation of the sensitizer’ 
either of two states. If an expression which 
corporates this probability could be used to defi 
B, a higher value of A than that reported /ere '" 
cerium singlets would be necessary in order to 4 
count for the measured value of B. Since no way ” 
approximating a value of this probability is at hav 
the determination of A for cerium singlets ca \not 
further refined at the present time. 
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thou!) this interpretation invalidates the value 
‘obta ned for cerium singlets, it does not affect 


value determined for cerium aggregates. It does 
concern the demonstration that ho sensitizer-to- 
tiger (ransfer occurs in this system and that the 
rved variation in B under 2967 A excitation at 
, sensitizer concentrations is due to the com- 


ition of two types of sensitizing centers. 

though the absence of sensitizer-to-sensitizer 
sfer has been shown in the CaF,:(Ce + Mn) 
tem, its existence in other systems as proposed by 
den may be quite correct. However, it should be 
nted out that in the systems discussed by Botden 
existence of two types of sensitizer species with 
erent transfer ranges was not considered, although 
rregates of sensitizers existed in the concentration 
we he studied. For none of these systems is 
ficient absorption and excitation data available to 
ermine whether aggregated sensitizers constitute 
jistinct species of sensitizer center. 
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ABSTRACT 


Polarographic reduction of carbon tetrachloride has been studied in different mixtures 
of organic solvents with water, using a number of alkali halides and tetraalkylammonium 
halides as supporting electrolytes. On the positive side of the electrocapillary maximum 
of mercury, a marked effect of the nature of the anion of the supporting electrolyte on the 
half-wave potential was observed. On the negative side of the electrocapillary maximum, 
the cation effected a similar change. It was further observed that reduction became more 
difficult with increasing concentration of organic solvent. The last can be interpreted in 
terms of a change in activation energy of the electron transfer process. An equation has 
been derived which gives the effect of drop-time on the observed half-wave potential for 
irreversible reactions where the rate of the electron transfer process is the limiting factor. 
This has been verified experimentally with carbon tetrachloride. Finally, factors govern- 
ing the occurrence of maxima on the polarographic wave in predominantly aqueous 


solutions have been investigated. 


INTRODUCTION 


During recent years a steadily increasing amount 
of work has been done on the polarographic reduc- 
tion of organic halides (1-6). Von Stackelberg and 
Stracke (2) found that the half-wave potentials of 
halogenated hydrocarbons are independent of the 
pH of the medium, and that iodides are reduced 
more easily than bromides, and these, in turn, more 
vasily than chlorides. By controlled-potential, large- 
scale electrolysis of some halogenated hydrocarbons 
showed that in most cases waves represented con- 
carbon- 
hydrogen bond according to the following all-over 
scheme: 


RX + 2e + HO — RH + X~- + OH 


version of a carbon-halogen bond to a 


For halogenated organic acids, the polarographic 
wave is pH-dependent and is shifted to more 
negative values with increasing pH (3-5). Elving 
and coworkers (5), studying the polarographic wave 
of a-bromo-n-butyric acid, found that an increase in 
ionic strength in the alkaline region displaced the 
half-wave potential to more positive values, whereas 
the effect was opposite in the low pH region and 
much less pronounced. In some cases, they observed 
that the half-wave potential, at constant pH and 
ionic strength, depended on the kind of buffer used. 

Shreve and Markham (7) reported on the effect of 
organic solvent on the polarographic reduction of 
p-nitroaniline. A marked shift the 


of half-wave 
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potential to more negative values 
increasing ethanol concentration. 
Only scattered remarks can be found in the 
literature about the effect of organic solvents on 
polarographic reduction of organic halogen com- 
pounds. It has been reported that half-wave po- 
tentials for halogenated acetones are shifted to more 
negative values by the addition of alcohol (8). Von 
Stackelberg and Stracke (2), working in a %°% 
butanol-water solution, found half-wave potentials 
up to 0.10 volt more negative than corresponding 


occurred with 


potentials in a 75% dioxane-water solution. Gergely 
and Iredale (6) mentioned, without data, that the 
half-wave potential for some aromatic iodo com- 
pounds was a function of the ionic strength, the 
aleohol content of the solution, and the nature of 
the cation of the supporting electrolyte. Rosenthal, 
Albright, and Elving (9) found that 
ethanol concentration in the alkaline region shifted 
the half-wave potential of 2-bromo-n-alkanoic acids 


increasing 


to more negative values, whereas, in the acid region, 
evidence of a shift was inconclusive 

A stepwise removal of the halogen atoms has been 
reported for carbon tetrachloride (2, 10). In 75% 
dioxane and 0.05M tetraethylammonium bromide, 
two waves were observed (2) with half-wave po 
tentials of —0.78 volt and —1.71 volts. The latter 
corresponds well to the wave at — 1.67 volts for the 
reduction of chloroform. In a (2:1) methanol-water 
mixture containing 0.10M_ tetramethylammonium 
bromide (10), waves for carbon tetrachloride were 
found at —0.75 volt and —1.70 volts and, tor 
chloroform, at —1.70 volts. In this laboratory (1!) 











